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Abstract 
Abstract 
Flow mechanisms of compound meandering channels are recognised to be far more 
complicated than compound straight channels. The compound meandering channels are 
mainly characterised by the continuous variation of mean and turbulent flow parameters 
along a meander wavelength; the existence of horizontal shear layer at the bankfull level 
and the presence of strong helical secondary flow circulations in the streamwise direction. 
The secondary flow circulations are very important as they govern the advection of flow 
momentum, distort isovels, and influence bed shear stress, thus producing a complicated 
and fully three-dimensional turbulent flow structures. A great deal of experiments has 
been conducted in the past, which explains flow mechanisms, mixing patterns and the 
behaviour of secondary flow circulations. However, a complete understanding of 
secondary flow structures still remains far from conclusive mainly because the secondary 
flow structures are influenced by the host of geometrical and flow parameters, which are 
yet to be investigated in detail. 
The three-dimensional Reynolds-averaged Navier-Stokes and continuity equations were 
solved using a standard Computational Fluid Dynamics solver to predict mean velocity, 
secondary flow and turbulent kinetic energy. Five different flow cases of various model 
scales and relative depths were considered. Detailed analyses of the measured and 
predicted flow variables were carried out to understand mean flow mechanisms and 
turbulent secondary flow structures in compound meandering channels. The streamwise 
vorticity equation was used to quantify the complex and three-dimensional behaviour of 
secondary flow circulations in terms of their generation, development and decay along the 
half-meander wavelength. The turbulent kinetic energy equation was used to understand 
energy expense mechanisms of secondary flow circulations. The strengths of secondary 
flow circulations were calculated and compared for different flow cases considered. 
The main findings from this research are as follows. The shearing of the main channel flow 
as the floodplain flow plunges into and over the main channel influences the mean and 
turbulent flow structures particularly in the crossover region. The horizontal shear layer at 
the inner bankfull level generates secondary flow circulations. As the depth of flow 
increases, the point of generation of secondary flow circulations moves downstream. The 
secondary shear stress significantly contributes towards the generation of streamwise 
vorticity and the production of turbulent kinetic energy. The rate of turbulence kinetic 
energy production was found to be higher than the rate of its dissipation in the crossover 
region, which demonstrates that the turbulence extracts more energy from the mean flu\\' 
than what is actually dissipated. This also implies that, in the crossover region, the 
turbulence is always advected downstream by the mean and secondary flows, The strength 
of geometry induced secondary flow circulation increases with the increase in the relati\'e 
depth. 
Keywords: Three-dimensional computational modelling, compound meandering channels, 
flow mechanisms, secondary flow structures, stream\\'ise vorticity and turbulent kinetic energ~·. 
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Introduction 
1.1 Floods - A Complex Hydraulics 
Floods due to rivers overflowing their banks and inundating the adjoining land are a very 
common and catastrophic phenomenon, which disrupts daily life and causes potential 
damages, both socially and economically. Around 5 million people, in 2 million properties, 
live in flood risk areas in England and Wales and the number at 'high risk' rising from 1.5 
million to 3.5 million by 2080 (Environment Agency UK 2005). Environment friendly flood 
alleviation schemes such as compound channels are often used to mitigate the effects of 
flooding. The compound channels consist of deep main-channel for the primary flow 
conveyance and adjoining floodplain for auxiliary conveyance during the times of floods. 
During the time of no floods, the floodplain region is used for recreational, agricultural and 
commercial purposes such as gardens, playgrounds, housing property developments etc. 
The flooding by nature is highly complex, three-dimensionat turbulent and unsteady 
hydraulic processes. This poses severe challenges to consulting river and flood defence 
engineers to design such flood alleviation schemes. The design of such schemes typically 
requires the knowledge of the longitudinal distribution of the maximum stage (depth) and 
discharge (flow rate) or velocity during the design flood. However, the stage-discharge 
relationship for rivers is significantly influenced by numerous flow parameters especially' 
when the flow goes overbank. The differential roughness between the main channel and 
floodplain, additional flow resistance due to momentum exchange between the main 
channel and floodplain, mean flow pattern, turbulence, secondary flow structures, bed 
shear stress and bed forms are some of the complicated flow characteristic~ which go\'ern~ 
the stage-discharge and requires thorough understanding. Ph\'~ical and numerical 
1 
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modelling techniques are usually employed by scientists and engineers to understand the 
flow behaviour. 
1.2 Research Background 
Numerous researchers have studied the compound straight and meandering channels in 
the past to understand flow mechanisms and turbulent secondary flow structures, both 
experimentally and numerically. In case of compound straight channels, the strong 
interaction between fast main channel flow and slow floodplain flow near the interface 
causes momentum transfer from the main channel to the floodplain. This results in the 
generation of vertical vortices at the main channel and floodplain interface. Early 
investigations demonstrated that the momentum transfer causes additional resistance to 
the flow, thus reducing velocity and discharge in the main channel substantially when 
compared with floodplain flow. This implies that main channel and floodplain interaction 
reduces the overall conveyance of compound straight channels, making them hydraulically 
inefficient. The influences of main channel and floodplain interaction are more pronounced 
for flows just above the bankfull and it reduces as floodplain depth increases. The vertical 
layer at the main channel and floodplain interface experiences considerable shear stress 
also called as the apparent shear stress that is many times greater than the average shear 
stress around the solid boundaries. The complexity in the flow mechanisms is increased 
further due to the presence of longitudinal vortices also called as secondary flow 
circulations in the cross-section of channel, which are mainly generated due to the 
anisotropy of turbulence. The patterns of these secondary flow circulations are different in 
each case for non-circular closed conduits, open channels and compound channels. These 
secondary flow circulations are sensitive to the channel geometry, the aspect ratio and the 
cross-sectional shape and influence the primary flow behaviour, bed shear stress, sediment 
transport and bed-forms. 
However, truly straight river channels are very rare in nature and are mostly curved or 
meandering in planform. Due to meander planform geometry, the main channel and 
floodplain flows are often not parallel to each other. This causes the interaction beh\'pen the 
main channel and floodplain flows. In addition to the complexity induced hy this 
interaction, there are many other important factors, which influences the flow mechanisms 
significantly. According to Ervine et al. (1993), the main parameters influencing the flo\\" 
mechanisms and hence the cOI1\'eyances of the meandering compound channels includes, 
• Sinuosity (s) of main channel. 
• 
• 
• 
• 
• 
• 
Relative roughness of main channel and floodplain. 
Aspect ratio of main channel (Ar). 
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Meander belt width (MBW) relative to total floodplain width (TFW). 
Relative flow depth (Dr). 
Main channel cross-sectional shape including the side slopes of banks of main 
channel. 
Floodplain topography, and In particular lateral slopes of floodplains sloping 
toward the main channel. 
Figure 1.1 shows an idealised compound river channel with trapezoidal cross-section and 
having straight floodplain walls. The important geometrical and flow parameters as 
outlined above are introduced in this figure. These parameters together generally make the 
flow mechanisms more complicated, three-dimensional and hence difficult to understand 
and analyse. 
The horizontal interface at the main channel bankfull level is subjected to the co-flowing 
shear stresses due to the shear interaction between the main channel and floodplain flows. 
The floodplain flow plunges into the main channel thus causing the shearing of main 
channel flow at the bankfull level. The flow mechanisms in compound meandering 
channels becomes more complex by the presence of helical secondary flow circulations due 
to bends. The rotating directions of secondary flow circulations at the bend apex for inbank 
and overbank flows are opposite to each other. The difference is not only in the circulation 
pattern, but also in the originating mechanisms of secondary flow circulations for inbank 
and overbank flows. The meander bend with outward centrifugal pressure generates 
transverse secondary flow circulations. This is particularly true for inbank flow cases. In 
case of overbank flows the horizontal shearing at the bankfull level generates and drives 
the secondary flow circulations. Many researchers concluded that for the overbank flows in 
compound meandering channels, the high apparent shear stress at the bankfull level is the 
dominant feature, whereas for the inbank flows the bed- and wall-generated turbulence are 
generally the most dominant. 
1.3 Research Approach 
Researchers working on compound straight and meandering channels ha\'e established 
important flow mechanisms using the experimental data collected on laboratory scale 
models. These ph!"sical models are usually associated v,"ith their high running and 
maintenance cost. The time consumed for collecting sensible experimental data IS 
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enormously high. During the Flood Channel Facility (FCF) Phase B experiments on 
compound meandering channel with trapezoidal cross-section no vertical velocity 
.I 
component was measured, which was very important to establish secondary flow 
structures in a large-scale meandering model. The data collected by Shiono and Yluto 
(1993) was very detailed. The measurements were carried out at seven different cross-
sections along the half-meander wavelength. For the meandering channel with trapezoidal 
cross-section, two components of the Reynolds shear stresses (-ll\' and -~,) were 
measured, but -vw stress was not measured, which is important as it arises due to 
secondary flow circulations (In this thesis, -vw is thus referred to as secondary shear stress 
whereas -uv and -uw are referred as primary shear stresses). 
The generation, development and decay of secondary flow circulations; the qualitative and 
quantitative analysis of secondary flow circulations; the variation of strength of secondary 
flow circulations along meander length; and the production and dissipation of turbulence 
(turbulent kinetic energy) are some of research needs in present which are not possible to 
address without having a complete set of detailed measurement data. These research needs 
and the advent of powerful computing resources have made researchers possible to adopt 
computational modelling and to study further complex flows encountered in Hydraulic 
engineering. The computational modelling is thus used in this thesis to set up a numerical 
laboratory to collect the detailed data in the form of computational results for different 
flow conditions in compound meandering channels. Five flow cases of different relative 
depths (Dr) and model scales are considered in this thesis. The meandering channel models 
at Flood Channel Facility (Knight et al. 1992; Ervine et al. 1993; Sellin et al. 1993) and at 
Bradford University (Muto 1997; Shiono and Muto 1993) are the large-scale and small-scale 
models considered in this thesis. For the Flood Channel Facility, two different relative 
depths of 0.25 and 0.50 are considered whereas for the Bradford University flume three 
different relative depths of 0.15,0.25 and 0.50 are considered. 
1.4 Objectives 
The primary objectives of this thesis are to understand mean flow mechanisms and 
turbulent secondary flow structures in compound meandering channels for different model 
scales and relative depths. The detailed research objectives are as follows, 
• To carry out the detailed inter-comparisons of computational results with 
measurement data to assess the capabilit~, of numerical modeb in reproducing 
important flow characteristics observed from experimental data. 
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• To carry out further detailed analyses of mean flow mechanisms and secondanT 
flow structures by considering the experimental data as well as computational 
results. 
• To understand the generation, development and decay pattern of secondary flow 
circulations, particularly in the highly turbulent cross-over region using the mean 
streamwise vorticity equation. 
• To quantify the mechanisms behind the turbulence production and its dissipation 
specific to compound meandering channels. 
• To study quantitatively, the strengths of secondary flow circulations. 
1.5 Thesis Structure 
This thesis consists of six chapters. A brief introduction of the subject of this thesis, research 
background and objectives are outlined in this chapter. The comprehensive review of 
literature on compound straight and meandering channels, which identifies the research 
prospects for this thesis, is included in Chapter 2. This chapter also includes the recent 
advances in numerical modelling specific to compound meandering channels. Chapter 3 
outlines theoretical governing equations and the details of the Computational Fluid 
Dynamics (CFD) solver used to solve these equations. Modelling approaches, numerical 
issues, meshing approach along with the details of test cases are also included in the same 
chapter. Chapter 3 also includes the brief description of the published experimental data 
used in this thesis. Computational results are presented and validated with the 
experimental data in chapter 4. This chapter also discusses the mean flow analysis based on 
the measured and predicted data, towards a better understanding of mean flow 
mechanisms. Chapter 5 concentrates on the more detailed analysis of turbulent flow 
structures associated with compound meandering channels. The important findings from 
chapter 4 and 5 are summarised in chapter 6. The shortcomings of this study are 
highlighted as future research prospects in the same chapter. References of the text quoted 
from the published papers are included at the end of this thesis. 
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Figure 1.1 Idealised compound river channel showing main geometrical and flow parameters. 
TFW - total floodplain width; MBW - meander belt width; Lil' - meander wavelength; LC~ -
length of the cross-over region; B - angle of meander bend arc; a - cross-over angle; rc - average 
bend radius of curvature; rj - inner bend radius of curvature; ro - outer bend radius of curvature; 
H - total water depth; h - Main channel depth; B - main channel top width; b - main channel 
bottom width. If, Lc - curved channel length then sinuosity (s) = LeILZ!'. 
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Literature Review-
2.1 Introduction 
Many researchers, scientists and engineers, have extensively studied compound open 
channel flows and numerous research publications are available at present on compound 
channel flows. The complete literature review covering the host of aspects on the 
compound channel flows would be very exhaustive and lengthy to be included in any 
thesis. The review of literature presented here is very selective and concentrates mostly on 
the pioneering researches of the field. 
The research presented in this thesis is based on numerical predictions of compound 
meandering channel flows, together with a detailed theoretical analysis of published 
experimental data. As mentioned in the previous chapter, the aim of this thesis is to analyse 
the numerical and experimental data and to get an improved understanding of flow 
mechanisms associated with compound meandering channels, particularly with the 
overbank flows. The implication of this is used to quantify the complex and three-
dimensional behaviour of secondary flow circulations in terms of their generation, 
development and decay along the meander wavelength. Hence it is absolutely essential to 
present an overall but concise description of the research related to compound meandering 
channel flow to date. Findings from the previous research on compound straight channels 
are extremely useful to assist an understanding of flow behaviour of compound 
meandering channels. Therefore a brief explanation of flow mechanisms observed in 
compound straight channels is included along with the detailed discussion on compound 
meandering channels. The last section of this chapter discusses the advances in numerical 
mt )delling with specific context to compound meandering channels. 
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2.2 Compound Straight Channels 
2.2.1 Main Channel and Floodplain Interaction 
Due to differential roughness in the main channel and floodplain (vegetation induce5 high 
roughness on the floodplain), velocity is usually higher in the main channel than that on 
the floodplain. This velocity difference generates shear layer between the main channel and 
floodplain, and also the vertical vortices along the interface between main channel and 
floodplain. The main channel and floodplain flows thus interact with each other and cause 
turbulent mixing which exchanges momentum from the main-channel (faster flow) to the 
floodplain (slower flow). The vertical plane between the main-channel and floodplain in 
the longitudinal direction experiences considerable turbulent shear stress. The momentum 
transfer mechanism at the main channel/floodplain interface acts as an 'apparent shear 
stress' causing additional resistance to the flow (Myers 1978). This reduces the main 
channel velocity and discharge conveyance capacity while the corresponding parameters 
on floodplain increases (Rajaratnam and Ahmadi 1979). This particularly makes compound 
channels less hydraulically efficient as compared to simple open channels without 
floodplain. 
Sellin (1964) were the first to present the photographic evidence of the existence of vortices 
around the main channel and floodplain interface (see Figure 2.1). The laboratory scale 
experiments conducted by Zheleznyakov (1965; 1971) have also demonstrated the 
mechanism of momentum transfer that is called as 'kinematic effect'. Wright and Carsten 
(1970) observed the existence of the apparent shear stress in air duct flow of compound 
cross-section. Zheleznyakov (1965; 1971) also showed that the main channel and floodplain 
interaction induced by shear is the highest just above the bankfull depth and it decreases as 
the depth increases. Similar conclusions were made from the experimental studies of 
Rajaratnam and Ahmadi (1979). Townsend (1968) illustrated that vortices around the 
interface playa very important role in transport of the finer sediment fraction from the 
deep main channel to the floodplain. Tamai et al. (1986) also mentioned it. Fukuoka and 
Fujita (1989) used a visualisation technique to show the momentum transfer by the Yortice5 
around the main channel and floodplain interface (see Figure. 2.2). 
A number of experimental studies were then been carried out to clarify and quantify the 
apparent shear stress (momentum transfer mechanism), so that it is accounted for, while 
estimating a total conveyance in compound channels. A preferred approach i5 to mea5ure 
bound.1r~· shear stress using a Preston tube technique (Preston 195-l) and to apply 
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momentum equation to the main channel and floodplain zones. This enables to come up 
with an empirical relationship for apparent shear stress, which is \"alid for that specific 
geometry of compound channel. Wormleaton et al. (1982), Rajaratnam and Ahmadi (1979; 
1981) along with many others collected such data and proposed empirical equations to 
estimate apparent shear stress. 
Shiono and Knight (1989; 1991) used Laser Doppler Anemometer (LDA) to undertake the 
detailed turbulence measurements in compound straight channels with various main 
channel side slopes. These experiments were conducted at the facility set up by the Science 
and Engineering research Council (SERC) at Hydraulic Research Ltd., Wallingford in the 
UK. Shiono and Knight (1989; 1991) found that the vertical profiles of the primary mean 
velocity at main channel centre and at remote distances on floodplains agrees closely with 
the two-dimensional logarithmic law. However, in the complex shear layer region, the 
profiles were far from the logarithmic law, indicating the three-dimensional nature of the 
flow. The isovels of the primary velocity were found to bend more towards the centre of 
the channel for rectangular compound straight channels as compared to the channels with 
trapezoidal cross-section. 
An important parameter governing the open channel flow is the bed shear stress. The bed 
shear stress represents the frictional resistance to the flows due to the boundary roughness 
of the channel. An understanding of bed shear stress is important when dealing with the 
sediment transport, bank erosion and dispersion phenomenon. The understanding is more 
crucial for the design of alluvial channels because an increase and decrease of bed shear 
stress typically leads to erosion and deposition respectively. The distribution of boundary 
shear stress around the wetted perimeter is influenced by many factors. These include, the 
shape of cross-section, the longitudinal variation in planform geometry, the sediment 
concentration and the lateral and longitudinal distribution of boundary roughness (Knight 
et al. 1994). The bed shear stress for compound straight channels have been measured by 
numerous researchers including Ghosh and Jena (1971), Myers and Elsa",)' (1975), 
Rajaratnam and Ahmadi (1979; 1981), Knight and Hamed (1984), Tominaga and Nezu 
(1990) and Knight and Shiono (1996). All of them indicated the influence of main channel 
and floodplain interaction on the bed shear stress profile. Myers and Elsawy (1975) stated 
that the main channel and floodplain interaction causes upto 22° 0 decrease of bed shear 
stress in the main channel while on the floodplain it increases up to 260°;;,. This variation of 
bed shear stress is more pronounced for shallow overbank flows (Rajaratnam and Ahmadi 
1981 ). 
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2.2.2 Secondary Flow Structures 
Apart from the momentum transfer phenomenon, the presence of helical secondary flow 
circulations in the longitudinal direction makes the flow mechanism further complex and 
three-dimensional in nature. In straight channels, the secondary flow circulations are 
present due to turbulence and hence they are referred to as 'turbulence driven' secondary 
flow circulations or the Prandtl's second kind of circulations. These secondary flow 
circulations are sensitive to the channel geometry, the aspect ratio and the cross-sectional 
shape (Tominaga et al. 1989). An investigation of secondary flow circulations are important 
because of their influence on the primary flow behaviour, bed shear stress, sediment 
transport and bed-forms (Nezu and Rodi 1985). Thus the measurements and the 
understanding of secondary flow circulations in open channels of simple and compound 
cross-sections have been a subject of research since the late 18th century. 
2.2.2.1 Simple Straight Channels 
In simple open channel flows, secondary motions cause the maXImum pnmary flow 
velocity to lie below the free surface. This phenomenon is widely referred to as 'velocity 
dip effect' (Nezu and Nakagawa 1993). The secondary flow circulations near the free 
surface is directed away from the bank and it transports the fluid with relatively low 
longitudinal momentum towards the centre portion of the channel, leading to the velocity 
dip effect (Naot and Rodi 1982). 
For rectangular open channels, Nezu and Rodi (1985) found that secondary flow circulation 
patterns are different from those observed in closed channel flows, due to the presence of 
the free surface. In case of non-circular conduits, the secondary flow circulations transports 
the high momentum fluid towards the comers, leading to a bulging of velocity contour 
lines towards the corner. This clearly demonstrates the effects of secondary flow 
circulations on the primary flow behaviour. Figure 2.3(a) shows the typical secondary flow 
circulations observed in rectangular open channel and closed duct (B/h - 2.0). The 
corresponding isovels of the primary velocity fields which demonstrate the velocity dip 
effect (for open channel) and the bulging of velocity contour (for closed non-circular 
conduit) are also shown in the same figure (Figure 2.3(b». The detailed literature review on 
open channel turbulence done by Nezu and Nakagawa (1993) and Nezu (2005) explains the 
effects of secondary flow circulations on the bed shear stress. Nezu (2005) stated that 
secondary flow circulations cause a wavy distribution of bed shear stress in the transverse 
direction. An increase in bed shear stress implies downward flow whereas a decrea.se 
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implies up-flow. This is also clear from Figure 2.3(c), which shows that at the centre line of 
a duct, bed shear stress attains a local minimum whereas, in case of open channel, bed 
shear stress attains a local maximum at the same location. 
In simple open channels, the small magnitude (1 to 3% of the primary mean velocity) of 
secondary velocity components (transverse and vertical components of velocity) makes it 
very difficult to measure them accurately (Tominaga and Nezu 1990). Tominaga et al. 
(1989) used a calibrated hot-film anemometer to measure secondary flow circulations and 
three-dimensional turbulent structures in rectangular and trapezoidal open channels. Their 
research aimed at investigating particularly the effects of free surface, the channel shape 
and the boundary roughness on secondary flow circulations. They stated that secondary 
flow circulations in rectangular open channel comprise of free-surface vortex and bottom 
vortex, separated at about y/h - 0.6. They attributed the velocity dip effect to the free 
surface vortex, as done by previous researchers like Nezu and Rodi (1985). They further 
confirmed that the circulations patterns are different in between rectangular and 
trapezoidal cross-sections and that the velocity dip effect is not seen in the trapezoidal 
cross-section. The boundary roughness condition of the channel was found not to change 
significantly the pattern of secondary flow circulations. The secondary flow circulations 
were found to affect the distribution of primary mean velocity, turbulence intensities and 
Reynolds stresses and the spanwise distribution of the boundary shear stress. 
2.2.2.2 Compound Straight Channels 
Shiono and Knight (1989) identified two major secondary flow circulation cells in the 
compound straight channels. A strong upflow inclined towards the main channel from the 
top edge of the floodplain and downflow in the corner of the main channel. This is as 
shown in Figure 2.4. They stated that these secondary flow circulation cells change strength 
as the main channel side slope changes. In the floodplain region only one large secondary 
flow circulation cell was observed, which extends laterally to a considerable distance. 
Turbulence intensities were found to be anisotropic in the lateral shear layer region. 
Tominaga and Nezu (1990) used fibre-optic LOA to measure the three components of 
velocity and turbulence in a straight compound channel with rectangular cross-section. 
Their results were similar to those found by Shiono and Knight (1989). They" stated that, in 
compound open channels, the peculiar flow characteristics occur near the main-channel 
and floodplain interface region whereas in rectangular open channels, the main-channel 
~idewall region is complex. They confirmed that the strong inclined secondary currenb are 
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generated from the main channel and floodplain interface edge toward the free surface. A 
pair of secondary flow circulations is observed on the both sides of the inclined up flow, as 
with Shiono and Knight (1989). They called vortex on the side of floodplain as 'floodplain 
vortex', whereas the vortex on the side of the main channel as 'main channel vortex'. Both 
vortices reach the free surface and cover the channel-floodplain junction region. Figure 
2.5(a) (Tominaga and Nezu 1990) shows the secondary flow circulations observed in 
compound channels with rectangular cross-sections for various relative depths. Figure 
2.5(b) shows corresponding isovels of the primary flow velocity. In the sidewall region of 
the main channel, a horizontal flow from the sidewall to the centre of the main channel 
clearly appears at the free surface. This forms a longitudinal vortex, which they called it as 
'free surface vortex'. Similar pattern of secondary flow circulations near the free surface has 
been found in case of rectangular open channels as discussed previously. The bottom 
vortex, which exists in the corners of the rectangular open channels, is also observed. The 
magnitude of secondary currents was found to be slightly greater (4% of Umax) than the 
maximum magnitude of secondary currents observed near the free surface in rectangular 
open channels. It is interesting to state here that in case of compound meandering channels, 
the magnitude of secondary currents is much higher as discussed in the later part of this 
chapter. 
The streamwise vorticity equation is often used by researchers to explain the generation 
mechanisms for both types of secondary flow circulations i.e. the Prandtl's first and second 
kinds. The detailed explanation of different terms in the vorticity equation, with regard to 
generation mechanisms is presented in chapter 5. During the early research, Brundett and 
Baines (1964), Gessner and Jones (1965) and Perkins (1970) have shown that in theory it is 
mainly the inequality between the normal turbulent stresses or, rather, the gradients of this 
inequality that induces the secondary flow circulations (Naot and Rodi 1982). This 
anisotropy of turbulence is caused by boundary roughness conditions of the bed, the 
sidewall and the free surface, as well as the aspect ratio of the channel and the channel 
geometry (Tominaga et al. 1989). Tominaga and Nezu (1990) stated that the magnitude of 
( ~ - \'~ ) was found to be the most important term of the streamwise vorticity equation, 
which is responsible for the production of turbulence-induced secondary flow circulations. 
The complex flow mechanisms associated with the compound straight channel flows are 
conceptually presented by Shiono and Knight (1991) as shown in the Figure 2.6. 
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Depending on the availability of advanced measurement techniques, the typical 
experimental investigation in compound channels includes measuring, 
• Water depth (using a pointer gauge) 
• Components of velocity (using a pitot static tube, current metre and laser Doppler 
anemometer) 
• Bed shear stress (using a Preston's tube technique) 
• Turbulence intensity and Reynolds stresses (using a laser Doppler anemometer or 
hot wire anemometer) 
Many laboratory scale experimental studies on the compound meandering channels have 
been undertaken in the past few decades (e.g. Toebes and Sooky 1967, Stein and Rouve 
1988, Shiono and Muto 1993, Willetts and Hardwick 1993, Ervine et al. 1993, Sellin et al. 
1993, Shiono and Muto 1994, 1998, Shiono et al. 1999, Willetts and Rameshwaran 1996, 
Rameshwaran and Willetts 1999, Patra and Kar 2001, Patra et al. 2004 and many others). 
The aims of these studies were to investigate flow mechanisms, mixing patterns, behaviour 
and generation of secondary flow circulations, energy losses and finally the stage-discharge 
predictions. 
2.3.1.1 Flood Channel Facility - state-of-the-art 
The majority of research on compound meandering channels was based on experiments 
conducted on small-scale flumes. The need was felt for the systematic coordinated 
experimental research to study host of factors influencing the flow mechanisms in 
compound channels. The Engineering and Physical Science Research Council (EPSRC) 
sponsored the state-of-the-art Flood Channel Facility (FCF) at HR Wallingford, UK. High 
quality data on velocity and turbulence were collected in several phases of experiments 
undertaken at FCF (Sellin 1991; Ervine et al. 1993; Sellin et al. 1993). 
Phase A experiments (1986-1989) investigated compound straight channels and the 
findings are reported by Knight and Shino (1990), Wormleaton and Merrett (1990) and 
Myers and Brennan (1990). The phase A experiments also included a complimentary study 
h~; Elliott and Sellin (1990) where the main channel was skewed relative to the floodplain 
direction (Ervine and Jasem 1995). 
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Phase B experiments (1989-1991) investigated meandering compound channels for a range 
of main channel sinuosity, floodplain roughness, meander belt width and for natural and 
trapezoidal main channel cross-sections. Data obtained includes velocity, free surface and 
discharge for three channel geometries, two floodplain widths and a variety of floodplain 
roughness. Sellin et al. (1993), Ervine et al. (1993) and Ervine et al. (1994) reported the 
findings from this phase of experiments. The data from B23 experiment of this phase is 
used extensively in this thesis. The phase C of experiments concentrated on mobile bed 
case of compound straight and meandering channels. 
It was mostly during and after this coordinated series of experiments, that the compound 
meandering channels were studied and analysed extensively to know the detailed flow 
mechanisms involved. The experimental findings from FeF served as high quality 
benchmark data used by many other researchers to compare and validate their research 
findings from the university based small-scale laboratory models (e.g. Willetts and 
Hardwick 1993, Shiono and Muto 1993, 1994, 1998 and Rameshwaran and Willetts 1999). 
These small-scale model studies also aimed at understanding the basic flow behaviour for 
both inbank and overbank flow conditions, and exploring the effects of geometrical and 
flow parameters which influences the flow mechanisms (e.g. Ervine and Ellis 1987). The 
literature review in the following sections discusses the studies on compound meandering 
channels with artificial smooth flat bed and particularly with overbank flows. The mobile 
bed cases with varying bed forms are not addressed. 
2.3.2 Basic Flow Mechanisms 
Shukry (1949) investigated the flow around closed 'U' bend by using a specially designed 
pitot sphere capable of recording the three components of velocity. This study was the first 
to present the detailed behaviour of flow around the bend. Shukry (1949) observed a 
complicated flow pattern being produced by the interference of the secondary flow 
circulations (which originally takes place in the straight approach flume) with that caused 
by the bend action. Due to the centrifugal force, the secondary circulations along the bend 
showed a continuous tendency to deviate from the original pattern of the straight approach 
flume and to form a new one. 
Shukry (1949) defined the strength of the secondary flow circulations as the ratio of the 
kinetic energy of the secondary flov,s to the total kinetic energy of the flow at a particular 
section. They stated that the strength of secondary circulations decreases with the increase 
111 Reynolds number and radius-breadth ratio whereas; it decrea"l's with an increase in 
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depth-breadth ratio. The strength was also found to increase as the deviation angle of the 
bend increases. 
u.s. Army Corps of Engineers in Vicksburg (1956) conducted the first laboratory study on 
the compound meandering channels. They investigated the effects of geometrical and flow 
parameters on the conveyance capacity of the compound meandering channels. The 
parameter investigated includes, sinuosity of the main channel, radius of curvature of 
meander bend, ratio of floodplain area to that of the main channel and the floodplain 
roughness. This study reflected that the compound meandering channels are also 
hydraulically inefficient as compound straight channels. As reported by Sellin and Willetts 
(1996), the following are the main conclusions drawn from their study, 
• An increase in sinuosity results in a decrease in discharge. 
• Increasing the floodplain roughness reduces the discharge substantially. 
• Reducing the floodplain area reduces the overall discharge. 
During 1961-1963 at Hydromechanics Laboratory of Purdue University, Toebes and Sooky 
(1967) conducted experiments on the compound meandering channels with rectangular 
cross-section for inbank and overbank flow conditions. The data collected includes velocity 
distributions (using a Prandtl tube and pressure transducer), free surface elevations (using 
a pointer gauge) and streamline patterns (using still cameras for flow visualisation). This 
was a pioneering study that has given first insight into the basic flow mechanisms 
observed in the compound meandering channels. 
Toebes and Sooky (1967) suggested using an imaginary horizontal plane at the bankfull 
level to divide the composite meander-floodplain geometry for the discharge or 
conveyance calculations. This division method was also suggested later and used by Ervine 
and Ellis (1987) and Shiono et al. (1999). 
2.3.2.1 Primary Flows 
The velocity measurements for compound meandering channels have been undertaken by 
many researchers including, Toebes and Sooky (1967) with a Prandtl tube, Sellin et al. 
(1993) with a propeller current meter, Stein & Rouve (1988) and Kiely (1989) with one 
component LDA, Shiono and Muto (1993; 1994; 1998) with two component LOA. Toebes 
and Sook:\' (1967) reported that in meandering channels, the primary flow velocity 
maximum lies near the inside or convex parts of the meandering bend. Thi~ e\'entually 
implies that sediment deposition will occur along the concave or outer bank, whereas bank 
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erosion or bed scour will occur along the convex or inner bank of bends. Shiono and Muto 
(1993) observed that the maximum velocity core travels towards the outer bank as flow 
reaches the middle of the cross-over region. At the next bend apex section, this maximum 
velocity core again occupies its position near the inner bank of the main channel showing 
that the main channel flow follows the shortest path of travel. Shiono and Muto (1998) 
stated that the primary main channel velocity below the floodplain level follows the 
channel sides, whereas above floodplain level it follows the floodplain direction as the 
floodplain depth increases. Patra et al. (2004) investigated the flow and velocity 
distributions in compound meandering channels with overbank flows. They found that the 
flow and velocity distributions in meandering compound channels are strongly governed 
by interaction between flow in the main channel and that in the floodplain. 
2.3.2.2 Bed Shear Stress 
The bed shear stress is usually measured using a Preston tube technique (Preston 1954). 
Ghosh and Kar (1975), Knight et al. (1992), Lorena (1992), Al-Romaih (1995), Muto (1997) 
and many others measured the bed shear stress in compound meandering channels. The 
distribution of boundary shear stress around the wetted perimeter of an open channel is 
normally affected by the existence of secondary flow circulations. Knight et al. (1992) 
measured the boundary shear stress in strong secondary flow regions in a large-scale 
meandering compound channel at the FCF. Their results indicated that an undulation of 
the boundary shear stress distribution is closely related to secondary flow structures. The 
downward motion of secondary flow is generally related to larger boundary shear stress 
whereas; the upward motion is related to smaller boundary shear stress. Shiono et al. 
(1999) confirmed this later while comparing the bed shear stresses measured by both a 
Preston tube and a heated thin film sensor in small-scale meandering channels. 
2.3.2.3 Main Channel and Floodplain Interaction 
Ervine and Ellis (1987) outlined the basic flow behaviour of compound meandering 
channels and investigated the shear interaction between the main channel and floodplain. 
In compound meandering channel flows, the main channel and floodplain flows are not 
parallel to each other as is in the case of compound straight channels. Ervine and Ellis 
(1987) stated that the horizontal interface at the bankfull level is subjected to the co-flowing 
turbulent shcllr stress generated due to the \'elocit~, difference bet"ween the main channel 
and floodplain tlt)ws. TI1e component of floodplain flow resoh'ed (Ut cosO, where 0 is bend 
angle at corresponding section) along the main channel direction is slow as compared to 
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main channel flow. They considered the apparent shear stress acting on the horizontal 
interface at the bankfull proportional to the differential velocity between main channel and 
floodplain (Umc - UfcosO). 
The other component of floodplain flow (Uf sinO) enters into the main channel and lea\'es 
the main channel at the adjoining floodplain region. Due to this the floodplain flow in the 
main channel is subjected to the expansion and contraction losses as the floodplain flow 
enters and leaves the main channel respectively. Yen and Yen (1983) also demonstrated the 
expansion and contraction phenomenon that takes place when floodplain flow crosses over 
the main channel and re-enters the floodplain again. 
2.3.2.4 Energy Losses 
One of the engineering implications of the laboratory scale experimental studies on the 
meandering compound channels is the improved estimation of the energy losses. The 
energy loss estimation is one of several ways to relate the complicated flow mechanism to 
the geometrical parameter and/or measurable flow parameters. Energy expenditure 
mechanisms in the case of meandering channels are substantially different in nature from 
the straight channels. Chow (1959) stated that I a high secondary flow involves high energy 
loss and thus accounts for high channel resistance'. Chang (1983; 1984) investigated energy 
losses in meandering bend. Bed friction was found to account for major energy loss for 
inbank flows. However, additional energy losses resulted also due to the turbulence and 
secondary flow circulations. 
Based on the experiments at FCF, five main sources of energy losses in the meandering 
channel with overbank flows were summarised by Ervine and Ellis (1987) and Ervine and 
Jasem (1989). These includes, 
• Frictional head loss in the main channel. 
• Flow resistance on the floodplain due to additional roughness (vegetation induced 
roughness). 
• Secondary flow circulation induced flow resistance. 
• Flow resistance due to the expansion and contraction of floodplain flow. 
• Flow resistance due to the vertical shear layer at the bankfull level. 
Based on the experiments at FCF, En'ine et a1. (1993) stated that non-bed frictional losses in 
compound meandering channels, 
• Incre,1ses with reduced main channel aspect ratio. 
• 
• 
• 
• 
Increases with reduced model scale increase. 
Increases as meander belt width increase. 
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Increases as main channel cross-section changes from natural to trapezoidal or 
rectangular . 
Decreases below the bankfull level and increases as flow goes overbank. Further 
increase in relative flow depth decreases the non-bed frictional losses. 
James and Wark (1992) reported that the flow resistance induced by the meandering 
channel has a relatively small effect on the flow outside the meander belt width. Shiono et 
al. (1999) based on the velocity and turbulence data, quantified the energy losses in 
compound meandering channel. The existence of shear layer at the bankfull level was also 
taken into account. Shiono et al. (1999) concluded that the dominant mechanism for energy 
loss varies according to the relative depth and sinuosity. 
Based on the FCF experiments, Sellin (1991) confirmed the influence of horizontal shear 
layer on the progressive development of secondary flow circulations along the strong 
mixing region of the cross-over part of the meandering channel. The pattern of 
development of the secondary circulation cells along the cross-over region is found to be 
the same form trapezoidal and natural cross-section, although the strength varies in both 
the cases. James and Wark (1992) reported the similar flow mechanisms as found 
previously by Toebes and Sooky (1967) and Ervine and Ellis (1987). 
2.3.3 Secondary Flow Structures 
2.3.3.1 Circulation Pattern and General Characteristics 
As discussed earlier, in the straight compound channels the secondary flow circulations are 
generated mainly due to the anisotropy of the turbulence. However, in the case of curved 
or meandering channels, secondary flow circulations generated due the bend/curvature 
effects of the planform geometry are also present. These types of circulations are called as 
'geometry or pressure driven' secondary flow circulations or the Prandtl's first kind of 
circulations. The strength of these types of circulations is much higher as compared to that 
of the Prandtl's second kind. Bradshaw (1987) gave a detailed review of the Prandtl's first 
kind of secondarv flow circulations. The Prandtl's classification of secondary flow 
circulations is explained in detail in chapter 5. 
The secondj)r~· flow circulations in compound meandering channels are studied extensively 
in the past by man\' researchers [e.g. Tocbes and Sook~· (1967), Mckeogh and Kiely (1989), 
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Sellin (1991), Sellin et al. (1993), Willetts and Hardwick (1993), Shiono and .Muto (1993; 
1998) and many others]. 
In compound meandering channels, a helical secondary circulation cell occupying most of 
the main channel cross-sectional area is present at the bend apex section. Toebes and 
Sooky (1967) found the patterns of secondary flow circulations to be significantly different 
between inbank and overbank flows in compound meandering channels. For overbank 
flows, the circulations were found to be stronger and with opposite sense of rotation as 
compared to those in inbank flow. They also suggested that the new dominant secondary 
circulation cell is generated just near the upstream edge of cross-over region. Ghosh and 
Kar (1975), Stein and Rouve (1988), Sellin et al. (1993) and Shiono and Muto (1993; 1998) 
confirmed this peculiar characteristic later. Imamoto et al. (1982) and Shiono et al. (1994) 
carried out experiments on a meandering channel with meandering floodplain walls 
(usually straight in most of the studies) and reported that the dominant cell for the 
overbank case rotated in the same direction as that for the inbank cases. This clearly 
indicated the effect of meandering floodplain walls on the secondary flow circulations. 
Different mechanisms behind the generation of secondary flow circulations for inbank and 
overbank flows were identified during previous studies. Ervine and Ellis (1987) stated that 
the meander bend with outward centrifugal pressure generates transverse secondary 
currents occupying most of the main channel cross-sectional area. This is however 
particularly true for inbank flow cases and does not hold good for overbank flows. 
Willetts and Hardwick (1990) through dye injection technique demonstrated that the flow 
structures in main channel with trapezoidal cross-section are different from those observed 
in channel with natural cross-section. Ervine and Jasem (1995) based on their experiments 
on the skewed compound channels illustrated the effect of main channel aspect ratio and 
the channel bank side slope on the patterns of secondary flow circulations. This is shown in 
Figure 2.7. 
Sellin et al. (1993) gave conceptual presentation of the mechanisms behind the generation 
of the secondary flow circulations as shown in Figure 2.8. As can be seen from the figure, 
the vortex is initiated approximately from the start of the cross-o\'er region mainly due to 
the floodplain flow plunging into the main channel. 
From the discussion we had till this moment, it is well established that, in compound 
meandering channels the interaction between the main channel flow and floodplain fll)\\" 
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causes extra resistance to the flow. The main channel/floodplain interaction results in the 
generation of the secondary flow circulations. The mechanism behind the beha\'iour, 
generation and decay of these secondary circulations are very complex and three-
dimensional making it difficult to analyse. To understand this, the ad\'anced measurements 
of flows including measuring all the three component of velocity and turbulent Reynolds 
stresses are required. The findings from the FCF experiments proved to be crucial in 
understanding the basic flow mechanisms involved in compound meandering channels. 
However, the vertical component of velocity and turbulence were not measured during the 
FCF series of experiments on meandering compound channels. The details on the 
complicated and turbulent flow structures in meandering channels were only possible after 
the studies that involved the detailed measurements of turbulence and secondary flow 
patterns (e.g. Shiono and Muto 1993; 1998). 
2.3.3.2 Complex Turbulent Flow Structures 
Shiono and Muto (1993) measured the three-components of instantaneous velocity using a 
two-component laser Doppler anemometer in a trapezoidal cross-section meandering 
channel with straight floodplain wall for inbank (Dr - 0) and shallow overbank (Dr - 0.15) 
flow cases. It was from this study that the detailed measurements of the secondary flows 
and turbulence were available at different sections along the meander. 
In case of overbank flows, strong gradient of streamwise velocity in the vertical direction 
was observed at the start of cross-over region. This was due to the plunging of the 
floodplain flows into and over the main channel, which ultimately triggers the generation 
of the secondary flow circulations. Since the experimental data was available only at seven 
different cross-sections along the meander, it was not investigated that from where exactly 
the secondary flow circulations start to generate. Based on the measured lateral and vertical 
shear stresses, Shiono and Muto (1993) confirmed the large momentum exchange taking 
place in the region of strong interaction (which is cross-over region) between the main 
channel and the floodplain flows. 
Shiono and Muto (1998) undertook detailed turbulence and secondary flow measurements 
using a two-component laser-Doppler anemometer in meandering channels having 
rectangular cross-section and straight floodplain walls. Based on these measurements, 
Shiono and Muto (1998) conceptually presented the overall flow structures in meandering 
channel for the overbank flows, as shown in the Figure 2.9(a). As shown in this figure, a 
dominant anti-clockv.'ise secondary circulation is present at the bend apex, which losses its 
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strength as flow travels along the meander till the upstream edge of cross-over region. 
From here a new clockwise circulation cell occurs and gains strength as the floodplain flow 
plunges into and over the main channel in the cross-over region. The cross-m'er region of 
the meandering channel is generally associated with the strong mixing and turbulence. The 
floodplain flow plunging into the main channel causes interfacial shear stress at around the 
bankfull level. Shiono and Muto (1998) reported that this large interfacial shear stress 
induced at around the bankfull level, especially in the cross-over region and was found to 
be larger than the bed shear stress. They further stated that the strong shear layer generated 
by the floodplain flow crossing over the main channel flow is controlled by the angle 
between the meandering channel and the floodplain wall together with the depth of the 
water. The floodplain flow can be resolved into two components with an angle, 0, where 
this angle is the angle of the floodplain flow entering the meander channel. The floodplain 
flow components resolved along the streamwise main channel flow direction is shown in 
Figure 2.10. They observed that this floodplain angle at the bankfull level in the cross-over 
region agreed with the angle of the meandering channel. Thus they concluded that the 
angle of meandering channel is one of the main parameters generating velocity differences, 
or shear at the bankfull level. 
The pattern of floodplain flow plunging into the main channel varies with the floodplain 
flow depth. This is shown in Figure 2.11. The figure shows the flow visualisation for 
different relative depths as conducted by Shiono and Muto (1998). For shallower floodplain 
depth, the main channel flow is still seen to be dominant and as the floodplain flow depth 
increases the floodplain flow dominates the main channel flow direction above the bankfull 
level (see Dr - 0.25 in Figure 2.11). 
In case of straight channels the shear is normally generated due to the differential velocity 
between the main channel and floodplain flows. Thus the mechanisms behind shear 
generation are significantly different between compound straight and meandering 
channels. Shiono and Muto (1998) stated that for the inbank flow cases, the clockwise 
secondary circulation cell at the bend apex gains strength due to the stretching of vortices, 
which is caused due to the centrifugal effect of the bend or the curvature. As this cell 
reaches the cross-over section it starts weakening as centrifugal forces or bend effect 
\-\'cakens. However, for the overbank flow cases, the clockwise secondary circulations cells 
are generated just near the upstream edge of the cross-over region by the floodplain flow 
plunging into the main channel. 
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Thus for inbank flows, the bed- and wall-generated turbulence are the most dominating 
feature whereas, for overbank flows the turbulent intensities just below the bankfull level 
become more important. From the Reynolds stress analysis, Shiono and Muto (1998) found 
that the main contribution of shear stresses to the turbulence production in the strong 
secondary flow region come from -vw term generated by the secondary flows. Figure 
2.9(b) shows the main contributions to the turbulence energy production in the cross-over 
region. As can be seen from the figure, the main contribution to the turbulence production 
is from the secondary flow and due to the shear generated by the main channel and 
floodplain flow interaction. Wall generated turbulence or anisotropy of turbulence also 
contributes to the turbulence production in the high mixing zone of the cross-over region. 
The above study by Shiono and Muto (1998) was the very detailed one and started to 
define the secondary flow structures in the compound meandering channels. To the writer 
knowledge not much detailed analysis of flow structures is done so far for compound 
meandering channel with trapezoidal cross-section, with an exception of Shiono and Muto 
(1993; 1994). 
2.3.3.3 Identifying the Research Gap 
Readers may have felt from this review that the secondary flow structures in compound 
straight channels are very well established in the literature following the detailed 
investigations by Shiono and Knight (1989; 1991), Tominaga and Nezu (1990; 1991) and 
many others. However in the case of compound meandering channels, much work is still 
needed to completely define the secondary flow structures in terms of their generation, 
propagation and decay phenomena. In the absence of the very detailed experimental data, 
researchers have quite often used conceptualisation techniques to convey the idea. This gap 
in the flow data can successfully be filled using numerically predicted results to undertake 
the detailed analysis of the flow. 
It is well established that the secondary flow circulations are sensitive to \'arlOUS 
parameters mainly including the sinuosity; aspect ratio of the main channel; floodplain 
flow depth or the relative depth of flnw; main channel cross-sectional shape; roughness 
conditions of the flow; and the model scale of compound meandering channels. Shiono and 
Muto (1998) revealed the secondary flow structures using experimental data collected for 
\'arious relative depths in the compound meandering channel with rectangular main 
channel. The compound meandering channel with trapezoidal cross-section was not 
invt.'stig.1ted in detail. 
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To understand the secondary flow structures further In detail, the follm,\ing primary 
research aims are identified, 
• Nezu (2005) identified the behaviour of geometry driven secondary flow 
circulations in compound meandering as a research prospects in 21 st century. The 
knowledge of these circulations is of vital importance both from engineering and 
scientific point of view. Thus, more research emphasis is required on defining the 
behaviour of geometry driven secondary flow circulations. The compound 
meandering channels with trapezoidal cross-sections need to be specifically 
addressed. 
• Precisely the following issues regarding geometry driven secondary flow 
circulations are needed to be investigated, 
o Location of point of origin of secondary flow circulations in compound 
meandering channels. 
o The geometrical and flow parameters behind the generation of secondary 
flow circulations. 
o Growth and decay patterns along the meander bend and In cross-over 
regIOn. 
o Strength of secondary flow circulations. A simple approach for knowing the 
strengths of geometry and turbulence driven secondary flow circulations is 
to be investigated. 
• The floodplain flow depth influences the overall secondary flow structures. It is 
very important to understand the flow behaviour for gradually increased 
floodplain flow depth, as it affects the way the floodplain flow plunges into and 
over the main channel. 
• To investigate the influence of model scale on the secondary flow structures. As 
discussed by Ervine and Ellis (1987) and Ervine et al. (1993), the scale of laboratory 
model influences the flow structures. 
• To understand the mechanism behind turbulence driven secondary flow 
circulations in compound meandering channels using the streamwise vorticity 
equation as done by Tominaga and Nezu (1990; 1991) for compound straight 
channels. 
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2.4 Advances in Numerical Modelling 
As discussed in the previous sections, the behaviour, extent and strength of momentum 
exchange between the fast and slow fluids in the shallow shear layer are important in the 
compound channel flows. The momentum exchange; bed generated turbulence; secondary 
flow circulations; and sudden expansion and contraction of the floodplain flows are some 
of the peculiar characteristics of the compound straight and meandering channels. 
Moreover, in case of compound meandering channels, both, the pressure and turbulence 
driven secondary flow circulations are present. The accurate predictions of turbulence 
driven secondary flow circulations requires an advanced turbulence model which takes 
into account the anisotropy of turbulence. All these facts poses severe challenges for the 
numerical modelling of flow through compound straight and meandering channels. The 
three-dimensional (3D) Reynolds-averaged Navier-Stokes (RANS) and continuity 
equations describe turbulent free-surface flows of practical interest and commonly 
encountered in water and environmental engineering problems. These equations are 
comprehensively discussed in the following chapter. Empirical equations in the form of 
turbulence models are required to close the system of above equations. Solving the full set 
of three-dimensional equations requires considerable time and computing resources. For 
the sake of simplicity and the computational economy, appropriate assumptions and 
approximations are often made to simplify the 3D RANS equations. Depending on these 
assumptions, numerical models and their modelling approaches are broadly classified as, 
• Area-averaged (10) models [e.g. Djordjevic 1993, Bousmar and Zech 1999, Bousmar 
2002 and many others]. 
• Quassi-2D models or the lateral distribution methods [e.g. Shiono and Knight 1991, 
Ervine et al. 2000 and many others]. 
• Depth-averaged (20) models [e.g. Samuels 1985, Keller and Rodi 1988, Stein and 
Rouve 1989, Rouve and Schroder 1992, Bates et al. 1995, Hervouet and van Haren 
1996, Ye and McCorquodale 1997 and many others]. 
• Quassi-3D models [e.g. Hervouet and \'an Haren 1996, Falconer and Lin 1997, 
Casulli and Stelling 1998 and many others]. 
• Full three-dimensional (3D) models [e.g. Jankowski 1998, Ye and McCorquodale 
1998, Lin and Fleming 2003 and many others]. 
Thl' accuracy of the predictions using abo\'e models depends on the accuracy of the 
l'qul1tion~ themsel\'l'~, numerical schemes and their solvers. With the ad\'ent of pov\"erful 
---_.---------------------------------------------------------------------
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computing resources, three-dimensional computational models are now being increasingly 
used to study compound channel flows. Numerical modelling of compound open channels 
is a vast research area and numerous numerical models that solve the depth-averaged and 
three-dimensional RANS equations have been developed, tested and applied to study a 
variety of flow problems. 
The quassi-2D models or the lateral distribution methods (LDM) are particularly useful 
when only the transverse distribution of the primary flow velocity and bed shear stress is 
of interest. The LDM is based on the streamwise component of the depth-averaged Navier-
Stokes equation. Assuming the flow to be uniform, the equation reduces to a single 
ordinary differential equation. Numerous versions of lateral distribution methods are 
available in the literature. Some of them are Shiono and Knight (1991), Ervine et al. (2000) 
and Spooner and Shiono (2003). 
Two-dimensional or depth-averaged models are frequently applied to study free-surface 
problems because of their computational efficiency and reasonable accuracy (Ye and 
McCorquodale 1997). These models are generally valid when the width-to-depth ratio is 
large and the vertical accelerations are not significant. Samuels (1985) applied a depth-
averaged finite element model to a meandering two-stage channel and compared the 
numerical results with the experimental data of Toebes and Sooky (1967), giving an 
acceptable correlation for discharge (Rameshwaran 1997). Stein and Rouve (1989) and 
Rouve and Schroder (1992) also developed a two-dimensional depth-averaged numerical 
model and compared the results with the experimental data. They found that the constant 
eddy viscosity model also gives a reasonable prediction of water level across the cross-
section compared with the k - £ model. However, both the models gave significant 
deviations of depth-averaged velocity with respect to the data. Keller and Rodi (1988) 
developed a two-dimensional model to calculate compound channel flows based on the 
depth-averaged k -£ turbulence model. Ye and McCorquodale (1997) developed a two-
dimensional depth-averaged model of turbulent flows in a boundary fitted cun'ilinear 
coordinate system. Rameshwaran and Shiono (2002) used Telemac2D (Hervouet and van 
Haren 1996) to predict the depth-averaged velocity and bed shear stress in compound 
meandering channel with natural cross-section. They reported calibrating the Manning's 
coefficient to achieve the uniform flow conditions that was 18% higher than the skin 
friction of the bed material. The velocity and bed shear stress were predicted reasonably 
well in the main channel using both, the constant eddy \'iscosity and k-e turbulence model. 
Rameshwaran and Shiono (2003) extended this study further and carried out depth-
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averaged modelling of compound meandering channel with different main channel cross-
sections and relative depths. They found that the flow predictions were similar when using 
standard k -E model and eddy viscosity for all the flow cases. Based on the calibrated 
Manning's coefficient, Rameshwaran and Shiono (2003) carried out sensitivity analysis 
with regard to the different advection schemes offered within the framework of 
Telemac2D. They suggested using the streamline upwind Petrov-Galerkin FEM method 
(Brooks and Hughes 1982) for the advection of velocity and water depth. Wilson et al. 
(2002) used Telemac2D to compare the constant eddy viscosity model, Elder model (Fischer 
et al., 1979) and k - E turbulence model in predicting the stage-discharge curves for inbank 
and overbank flows through reach scale straight and meandering channels. They found 
that for moderate and high overbank conditions all the three turbulence models gave 
similar predictions whereas for inbank and low overbank flows, the Elder model and k - E 
model performed better than the constant eddy viscosity model. 
Numerous attempts have been made to simulate the flows in compound channels using 
three-dimensional (3D) numerical models. Many of these studies concentrated on 
compound straight channels only (e.g. Krishnappan and Lau 1986, Naot et al. 1993, 
Pezzinga 1994, Cokljat and Younis 1995, Lin and Shiono 1995, Thomas and Williams 1995, 
Sofialidis and Prinos 1999 and Rameshwaran and Naden 2003). Most of these studies 
involved the development and testing of higher order turbulence models to predict the 
secondary flows in compound straight channels. Naot et al. (1993) applied an algebraic 
stress model developed by Naot and Rodi (1982) for the flow in an asymmetric compound 
channel that was studied experimentally by Torninaga and Nezu (1991). They obtained 
good agreement for relative depths of 0.75 and 0.5; but the calculations for relative depth of 
0.25 revealed a necessity of a low Reynolds number modification to their model in 
conjunction with the fine grid in the shallow floodplain. Cokljat and Younis (1995) applied 
a full Reynolds stress transport model of turbulence, based on the one developed by 
Launder et al. (1975), for computing the flow in an asymmetric compound channels with a 
rectangular main channel (Tominaga and Nezu 1991) and in a symmetric trapezoidal 
compound channel (Yuen and Knight 1990). However, the relative depths used were also 
high (0.35 - 0.50) and hence performance of the model for conditions of shallow floodplains 
was not evaluated. Sofialidis and Prinos (1998) used low Reynolds Number, non-linear 
k - F model to predict the flow in compound open channels for 10'w relative depths and 
found the improvcment in the results as compared to the linear k -E model. Rameshwaran 
and Nadcn (2003) used general-purpose finite-\"olume code to simulate the flo'w in 
c()mpound straight channel (FCF geometry) for inbank and overbank flow cases using a 
2b 
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standard k - e turbulence model. The calibration of roughness height (ks) was carried out 
to make the flow uniform. They stated that the calibrated ks value varied with the relative 
depth of the flow. The three-dimensional model was found to perform relati vel y better for 
inbank and high overbank flow in channels with a large aspect ratio (width/ depth ~ 10). 
As discussed in the earlier sections, in compound meandering channels especially with 
overbank flows, flow mechanisms other than the turbulence anisotropy control the velocity 
field. Thus it is not very clear that the use of higher order turbulence models are necessary 
to achieve a satisfactory simulation of curved or meandering channels (Basara and Y ounis 
1995). Hence the testing of higher order turbulence closure for compound meandering 
channel is relatively rare vis-a.-vis straight compound channel. 
Researchers have often used a standard k - e turbulence model (Launder and Spalding 
1974) based on the isotropic eddy viscosity assumption to study the flows in laboratory 
scale compound meandering channels. However all of these studies showed the k - e 
turbulence model to be deficient in predicting flows of complex turbulent shear layers such 
as compound straight and meandering channel flows (Cokljat and Younis 1995). Ye and 
McCorquodale (1998) applied 3D free surface hydrodynamic model to simulate the flow 
through curved channels of Hicks (1985) and Chang (1971). The modified k -e turbulence 
model to account the anisotropic effect caused by streamline curvature, free surface and 
solid walls was used. Shao et al. (2003) used several algebraic stress models including 
Launder and Ying (1973), Naot and Rodi (1982) and Speziale (1987) non-linear k -e model 
to simulate the secondary currents in helically coiled channels using curvilinear 
coordinates. 
A recent research trend shows the increasing use of commercially available general-
purpose computational fluid dynamics (CFD) codes to study compound channels (Morvan 
et al. 2002; Wilson et al. 2002; Rameshwaran and Naden 2003; 2004a; b; Wilson et al. 2003a; 
b; Wilson et al. 2004). The CFD started to be applied to hydraulic engineering flow 
problems from 1990 (Olsen, 2003). Three-dimensional computational fluid dynamics (CFD) 
models are since being increasingly used to predict compound channel flows and to assess 
the ability of range of turbulence models for simulating flow structures particularly 
generated by the main channel-floodplain interactions (Nicholas and McLelland 2004). 
CFX, Phoenics, Fluent, Hydro-3D, Telemac3D (Hervouet and van Haren 1996; Jankowski 
1998), SSIIM (Olsen 2000) are some of CFD codes, which are being increasingly adopted 
and used to study the compound channel flows. 
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Morvan et al. (2002) used standard CFD techniques (CFX-finite volume) to simulate the 
flow in compound meandering channels using a simple k - £ turbulence model and a 
simplified anisotropic Reynolds stress model (RSM) of Launder et al. (1975). A 30~o 
increase in computational time for RSM model as compared to the k -£ model wa.;; 
observed, with a little difference between the predicted velocity fields. MOITan et al. (2002) 
stated that the proper problem discretization (choice of numerical schemes and meshing 
approach) is much more important than the use of complex turbulence model. Wilson et al. 
(2003b) carried out the validation of SSIIM (Olsen, 2000) using a k - £ model for predicting 
primary and secondary velocities. The data set for this study came from a large-scale 
laboratory meandering channel of complex pseudo-natural bathymetry (Boxall 2000). They 
used a simplified two-zone roughness distribution whereby separate roughness height was 
prescribed for the channel centre and channel sides, which resulted in a slightly improved 
longitudinal velocity distribution. Rameshwaran and Naden (2004a; b) used general-
purpose CFD code for the free-surface flow predictions in compound meandering channels 
(FCF geometry). They used a standard k - £ turbulence model with free-surface treatment 
and found that the code was able to predict the free-surface behaviour as observed in the 
experiments. The k - £ model was found unable to predict the observed secondary flow 
circulations and the need was felt for the more sophisticated turbulence model to improve 
the predictions. 
Research on compound meandering channel is dominated by both experimental and 
numerical studies. This thesis uses computational modelling to address some or most of 
the research gaps identified in section 2.3.3.3, towards establishing a clear and improved 
understanding of the secondary flow structures in compound meandering channels. 
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Figure 2.1 Photographic visualisation of the vortices present at the mam channel and 
floodplain interface (Sellin 1964) 
Figure 2.2 Conceptual visualisation of the momentum exchange between main channel and 
floodplain (Fukuoka and Fujita 1989) 
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Figure 2.4 Illustration of secondary flow circulations in compound straight channels with 
rectangular and trapezoidal cross-sections (Shiono and Knight 1989) 
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Figure 2.6 Conceptual visualisation of the complicated flow mechanisms found in compound 
straight channels with trapezoidal cross-section (Shiono and Knight 1991) 
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Figure 2.8 Conceptual sketch showing important mechanisms behind the generation of the 
secondary flow circulations in compound meandering channels (Sellin et al. 1993) 
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Figure 2.9 Conceptual sketch of complex three-dimensional flow structures associated with 
the compound meandering channels. (a) Secondary flow pattern in compound meandering 
channel with rectangular cross-section. Anticlockwise circulation cell is present at bend apex 
which losses its strength as flow reaches just upstream of crossover region. New clockwise 
circulation cell starts to generate from here due to the impingement of floodplain flow into 
the main cha1U1el. (b) Contributions of flow mechanisms (turbulent shear, secondary flows 
and anisotropy of turbulence) towards the production of turbulence energy (Shiono and 
Muto 1998) 
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Figure 2.10 Illustration of floodplain flows resolved in the strearnwise direction to show the 
effect of meander channel angle with the floodplain walls on the as ociated secondary flow 
structures. (Shiono and Muto 1998) 
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Figure 2.11 Flow visualisation for different relative depths of 0.15, 0.2 and 0.25. The pattern of 
flo dplain flow plunging into and over the main channel depends on the floodplain flow 
d pth. The main channel flow is seen to be dominant for shallower flow case whereas, the 
floodplain flow becomes dominant for deeper flow cases (Shiono and Muto 1998) 
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3.1 Introduction 
As pointed out briefly in the previous chapters that the main aim of this research is to 
understand and analyse mean flow mechanisms and secondary flow structures in the 
compound meandering channels. The experimental data collected at the UK Flood Channel 
Facility (Ervine et al. 1993) and at the Bradford University Flume (Shiono and Muto 1993; 
1998) are used extensively to understand the flow in compound meandering channels. 
However, given the fact that flow mechanisms in the compound meandering channels are 
influenced by numerous geometrical and flow parameters, it ,,,'as not possible to define the 
flow structures by using merely the experimental data set. For the FCF case turbulence 
measurements were not undertaken, without which no meaningful analysis on the 
turbulent flow structures could be done. The computational simulations of flow in 
compound meandering channels were carried out for the different flow cases to bridge this 
gap in already existing experimental data sets. New sets of velocity and turbulence data in 
the form of computational predictions were collected for the compound meandering 
channels of different model scale and with different relati\'e depths. 
Thi~ chapter mostly' concentrates on the issues concerning the computational predictions. 
The detaib on the experimental data used in this study are given first along with the detaib 
on the different simulation cases. The gcwerning three-dimensional hydrodynamic 
equations <1H' explained. Telemac3D (Hervouet and van Haren 19C)b; Jankowski 1998; 
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Hervouet 2000) is the standard computational fluid dynamics (CFD) tool, which was used 
in this study to solve the three-dimensional Reynolds-averaged Navier-Stokes (RANS) and 
continuity equations. The solution algorithm of Telemac3D is explained comprehensively. 
The details on the finite-element unstructured meshes; initial and boundary conditions; 
numerical schemes and finally the solution approach are presented in the later part of this 
chapter. 
3.2 Experimental Data and Simulation Cases 
The numerical simulations of the compound meandering channel flows have been carried 
out for the five different cases each with different model scales and with different relative 
depths. The flume at the UK Flood Channel Facility (FCF) is considered as a large-scale 
model (50m long and 10m wide) and the flume at Bradford University (BUF) is considered 
as a small-scale model (10.8m long and l.2m wide) of compound meandering channel. The 
simulations were carried out for the FCF flume with relative depths of 0.25 and 0.50 and for 
the BUF with relative depths of 0.15, 0.25 and 0.50. The ranges of relative depths were 
selected so as to study the gradual development of the overbank flows for these flume 
geometries. Thus, in all five different simulations were carried out. Table 3.1 details the 
nomenclature of the test cases and their preliminary classifications. 
The detailed description of the experimental data collected at FCF during the series B 
programme can be found in Sellin et al. (1993), Ervine et al. (1993), Lorena (1992), Morvan 
et al. (2002) and Rameshwaran and Naden (2004a). The FCF flume is 50 m long and 10 m 
wide, in which a 48 m long meandering channel was constructed. The meandering channel 
was laid for four-meander wavelength. The main channel is 0.15 m deep and trapezoidal in 
cross-section with a top width of 1.2 m and 450 side bank slopes. The further details on the 
geometry and flow parameters specific to the FCF25 and FCF50 cases are summarised 
comprehensively in Table 3.2. The measurements at the FCF were undertaken under the 
steady and uniform flow conditions. For the FCF25 case, velocity and turbulence 
measurements were carried using a two-component laser Doppler anemometer (LDA) 
system at the main channel apex section (section MC3, see Figure 4.1 for location details of 
this section). The miniature propeller meter was used to measure the horizontal velocity 
components at sections MC1 to MC11 (see Figure 4.1). The flow rate was measured using 
the calibrated orifice plate and a digital pointer gauge was used to measure the free surface 
elevations at apex sections. For the FCF25 case, the bed shear stress was measured at the 
apex section only llsing a Preston tube on the bed. For the FCF50 case, only stage-discharge 
measurements were carried out. 
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The detailed description of the experimental data collected at Bradford University flume 
(BUF) used in this study is given Muto (1997) and Shiono and Muto (1993; 1998). The 
experimental flume was 10.8 m long, 1.2 m wide and 0.35 m deep, with a slope of 1/1000. 
The trapezoidal main channel was 0.15 m wide and 0.053 m deep with side bank slopes of 
45°. The main channel was laid for five-meander wavelength. The test section was set in the 
half-meander wavelength of the fourth meander. The detailed velocity and turbulence 
measurements were undertaken at seven different cross-sections (section 1 to section 13), as 
shown in Figure 4.2. A two component fibre optic LDA system was used to take velocity 
and turbulence measurements. The important geometrical and flow details of the BUF 
cases are summarised in Table 3.2. It should be noted that the velocity and turbulence 
measurements were carried out only for the BUF15 and BUF25 cases, whereas only stage-
discharge was measured for the BUF50 case. No measurements of free surface elevations 
were carried out for the BUF cases. 
3.3 Governing Hydrodynamic Equations 
The Newton's second law of motion together with the Newton's law of viscosity and mass 
conservation equation forms the basis of general governing equations describing the fluid 
flows. The Newton's second law of motion states that the rate of change of momentum of a 
fluid particle equals the sum of the forces on the particle, whereas the mass of the fluid is 
conserved according to the law of mass conservation. Newton's law of viscosity relates the 
viscous stresses appearing in the momentum equations to the local deformation rate (or the 
strain rate). These three fundamental principles when put together, take the form of partial 
differential equations, commonly and collectively referred to as the Navier-Stokes 
equations. Many standard texts are available on the detailed derivation of the three-
dimensional Navier-Stokes equations. Some of them to list are, Tennekes and Lumley 
(1972), Rodi (1993), Versteeg and Malalashekera (1995) and Ferziger and Peric (1996) The 
three-dimensional continuity and momentum equations for unsteady, compressible and 
\'iscous flows can be written in the following form, 
ap a(pu i ) 
-+ =0 
at aX, (3.1) 
(3.2) 
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Where, i and j are the standard tensor notations indicating two out of the three .<:, y and : 
coordinate directions; Ui (i = I, 2, 3) is the instantaneous velocity component in the Xi 
direction; fi is the body force; p is the fluid density; p is the pressure and Til are the viscous 
stresses for the laminar flows. 
The further approximation and assumptions are required so that the above set of equations 
represents the flows of practical interest. Most of the flows encountered in hydrodynamic 
problems can be treated as incompressible. This means that the density of the water is 
independent of the pressure. The density variations due to the temperature, salinity etc., 
are then taken into consideration through the equation of state. Assuming the fluid obeys 
Newton's law of viscosity and that the viscosity is constant throughout the flow, the 
equations 3.1 and 3.2 take the following forms, 
(3.3) 
(3.4) 
Where, f.1 is the molecular viscosity of fluid and E is the body force. The above equations 
are the instantaneous continuity and Navier-Stokes equations and describe the flows, 
which are incompressible and laminar. 
Since an estimate of time-averaged variables is of more engineering use, the instantaneous 
continuity and momentum equations are needed to be time-averaged. For this, the 
statistical approach as first suggested by Osborne Reynolds (Rodi 1993) is usually used. 
Since, Osborne Reynolds first suggested the approach, the time averaging of instantaneous 
Navier-Stokes equations is also known as Reynolds averaging and the resulting equations 
are termed as Reynolds-averaged Navier-Stokes (RANS) equations. Thus, in a statistically 
steady flow, the flow variables can be written as the sum of a time-averaged (mean) value 
(e.g. U) and fluctuation about the mean value (e.g. u,), 
It = U + It' \' = V + \" H' = W + H" : P = P + p' 
Where, the mean quantities in the above equations are defined as (Rodi 1(93), 
1 t~r, 1 t+/(I 
U = - f II dt : P =- f p dt 
tu 1 to f 
.II 
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Incorporating equations 3.5 and 3.6 in the instantaneous continuity and Nayier-Stokes 
equations (3.3 and 3.4) leads to the following equations, 
au; =0 
ax. 
I 
(3.7) 
(3.8) 
Equations 3.7 and 3.8 are the three-dimensional Reynolds-averaged continuity and Navier-
Stokes equation (RANS) for turbulent flows. To predict the behaviour of particular 
turbulent flows, the above equations are needed to be solved numerically using 
appropriate initial and boundary conditions. The outcome of the numerical simulation will 
be a complete description of how the flow varies in space and time. 
Due to the non-linearity involved in the original instantaneous momentum equations, the 
time averaging process resulted in unknown correlations between the fluctuating 
velocities, such as -u'v' . These correlations when multiplied by density p represent the 
transport of momentum due to the fluctuating or turbulent motion (Rodi 1993). Thus 
-pu'v' is the transport of u momentum in the direction of v and it acts as a stress on the 
fluid. Thus there are six such additional stress terms appearing in the mean momentum 
equations, three are the normal stress terms and remaining three are the shear stress terms. 
Since these stresses appeared due to Reynolds averaging of momentum equations, they are 
referred to as Reynolds stresses. Due to these additional stress terms, the system of 
equations is no longer closed, and requires an empirical approximation usually in the form 
of a relationship between the Reynolds stresses and the mean flow variables. 
In analogous to the Newton's law of viscosity to approximate the viscous stress in the 
laminar flows, Boussinesq eddy viscosity concept is used for this study to approximate the 
turbulent shear stresses. The turbulent Reynolds stresses -u:u·. are modelled as (Rodi 1993), 
I ) 
(3.9) 
Where k is turbulent kinetic energy, Dij is the Kronecker delta function and l't is the 
turbulent or eddy viscosity, which varies with time and space and is calculated using 
appropriate turbulence model. In this study, the widely used standard k-E turbulence 
model (Rodi 1993) is used for calculating edd~' viscosity Vt. The edd~' viscosity i~ related to 
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turbulent kinetic energy, k, and energy dissipation rate, E, through the Kolmogorov-Prandtl 
relationship as under, 
k 2 
V =c-I J1 e 
(3.10) 
Where Cp is constant equal to 0.09. The following transport equations are solved for k and E, 
de de d (VI de J e 
-+U.-=- -- +(C P-C e)-dt I dXj dXj (J'e dXj le 2e k 
(
dU j dUj J dU j " • • Where P = Vt a + -- -- IS the productIon rate of turbulent kInetIc energy k. Xj dXj dXj 
(3.11) 
(3.12) 
The standard values of the model coefficients are used: Cp = 0.09, Clf: = 1.44, C2f =1.92, Ok = 
1.0 and Of: = 1.3 (Rodi 1993). 
The Kinematic boundary condition and the conservative free surface equations are the 
most widely used equation for the free surface tracking. For the computations reported in 
this thesis, the conservative free surface equation was used to calculate the free surface 
position. The conservative free surface equation is obtained by integrating the continuity 
equation over the depth from the bottom z = -B(x, y) to the free surface z = S(x, y, t) and 
using the kinematic boundary condition and impermiability condition at the bottom and is 
written as (Jankowski 1998), 
dS d S d S 
-+- fUdz+- fVdz=O 
dt dx -8 dy -8 
(3.13) 
Where, S(x, y, t) is the free surface elevation, B(x, y) is the bed elevation, U and V are the 
mean velocity components in x and y coordinate directions respectively, and t is the time 
step. The main advantage of the conservative equation is that it includes the proper 
impermiability boundary conditions at the bottom and the free surface. This automatically 
satisfies the mass conservation criteria. 
The three-dimensional Reynolds-averaged continuity and Navier-Stokes equations (RANS) 
(equations 3.7 - 3.8) together with the transport equation for k and E (equations 3.11 and 
3.12) and free surface equation (3.13) are solved using finite element techniques using non-
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hydrostatic pressure code of Telemac3D [Version 5.4] (Galland et al. 1991; Janin et al. 1997; 
Hervouet 2000). The following section introduces Telemac3D code and its solution 
algorithm. 
3.4 Solution Algorithm 
Telemac (Hervouet 2000) is the suite of computer codes dedicated to the numerical 
simulation of free surface flows developed by the Laboratoire National d'Hydraulique, 
Electricite de France (EDF). In the United Kingdom, the Telemac codes are developed and 
distributed by Hydraulic Research (HR) Wallingford, UK. The detailed presentation of the 
solution algorithm and numerical issues concerning Telemac (depth-averaged, hydrostatic 
and non-hydrostatic) would be very exhaustive and is therefore out of the scope of this 
thesis. For the detailed description readers are referred to Galland et al. (1991), Hervouet 
and van Haren (1996) for Telemac2D; Janin et al. (1997) for hydrostatic pressure code of 
Telemac3D and Jankowski (1998) for non-hydrostatic pressure code of Telemac3D. Within 
the already existing framework of Telemac3D hydrostatic pressure code, Jankowski (1998) 
implemented the non-hydrostatic solution algorithm. The information on the solution 
algorithms of hydrostatic and non-hydrostatic pressure codes of Telemac3D, described by 
Jankowski (1998) and Hervouet and van Haren (1996) is used and briefly discussed in the 
following section. 
The hydrodynamic equations considered as a basis for the development of the non-
hydrostatic code of Telemac3D were as follows, 
V·V=O (3.14) 
au 1 ap 
-+V ·VU =---+V'(l'tVU)+Fr at Po ax (3.15) 
av 1 ap 
-+V ·VV =---+V ·(vtVV)+F, 
at Po ay . (3.16) 
aw 1 ap P 
-+V ·VW =-----g+V·(l',VW) 
at Po a~ Po 
(3.17) 
p = p(T.s,c) (3.18) 
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Where, p is the fluid density (variable, local density); p, is the constant, average, reference 
fluid density; VI is the turbulent eddy viscosity; g is the acceleration due to gravity, T is the 
temperature; sa is the salinity and c is the pollutant concentration. 
For the flow situations where the vertical accelerations are small, equation 3.17 reduces to 
simple and well-known hydrostatic pressure equation, which can be written as follows, 
ap 
-=-pg 
az 
(3.19) 
Thus, when hydrostatic pressure assumption is valid, the global pressure in a free surface 
flows can be obtained explicitly from the above equation, which can be written as follows, 
(3.20) 
Where, z is the bottom elevation; sex, y, t) is the free surface elevation; LIp = P - po is the 
variation in fluid density. The gradients of the hydrostatic pressure from equation 3.20 can 
be set into the horizontal momentum equations (equations 3.15 and 3.16) yielding a sum of 
terms representing gradients of the free surface and fluid density. Thus, in the x-direction, 
__ 1 ap = _g as _ g~[fLlP d~] 
Po ax ax ax z Po 
(3.21) 
The resulting terms (right hand side) are often called barotropic (as independent of density 
and depth, gradients of a 2D function sex, y») and baroclinic (as depth- and density 
dependent, gradients of a 3D function Llp(x, y, z)) parts of the hydrostatic pressure 
gradients. The resulting set of hydrodynamic equations is much simplified as pressure can 
be eliminated. Thus using the incompressibility condition, Boussinesq and hydrostatic 
approximations, the following set of three-dimensional shallow water equations forms the 
equation set for the hydrostatic pressure code of Telemac3D, 
V·U=O (3.22) 
-+u·vU=-g--g- --d~ +V·(vrVU)+F, au as a [Sf~p ] 
at ax ax: Po (3.23) 
(3.2-1) 
Chapter 3 Governing Hydrodynamic Equations, Numerical Issues and Simulation Details 
p=p(T,s.c) (3.25) 
The solution algorithm of Telemac3D is based on decoupled methods, where instead of one 
large global equation system, a few smaller linear equation systems are solved. This is 
achieved by solving the governing equations in several consecutive stages. Various 
methods of decoupling exist such as operator splitting (Galland et al. 1991), pressure 
correction methods (SIMPLE) (Patankar and Spalding 1972; Patankar 1980), pressure 
methods (Casulli and Stelling 1995), projection method (Chorin 1968) and fractional step 
method (Quartapelle 1993). 
The solution is based on the operator-splitting scheme, where the differential operators 
appearing in the governing equations are split into parts with respect to their mathematical 
and I or physical properties and treated separately in consecutive fractional steps by 
applying the most appropriate numerical methods. For example, semi-implicit FEM can be 
used for diffusive parts or a Lagrangian approach (method of characteristics) for advective 
parts. The global algorithm is explicit in time, and consists of the sum of partial 
(intermediate) solutions for a variable, f, after advection, f, diffusion, I, and finally after 
pressure-free surface-continuity, f n+1, steps. The explicitly formulated time derivative of the 
variablef(= U, V) is as follows, 
af f n+1 _fd fd - fa fa - fll 
-'-=' +" +' . 
at /:it /:it /:it 
(3.26) 
According to operator splitting approach, the solution procedure of hydrostatic code of 
Telemac3D contains three steps; advection step, diffusion step and finally the pressure -
free surface - continuity step, as explained in the following sections. 
In the first step, the following advection terms in the horizontal momentum equations are 
solved either using method of characteristics or streamline upwind Petrov-Galerkin 
method (Brooks and Hughes 1982). 
f a f" 
, . +V,Vf=O 
/:it . 
(3.27) 
In the next step of solution, the following diffusion equation is solved in the sigma-mesh by 
llsing 3D finite element method. 
(3.2S) 
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After the advection and diffusion steps, the following remaining equations are to be solved, 
(3.29) 
---=-g--g- f1 d:: V"+1 _ V d dS d [S ~ ] 
~t dy dy ~ Po 
(3.30) 
(3.31) 
In the pressure - free surface - continuity step both the barotropic and baroclinic parts of 
hydrostatic pressure gradients are treated. The equations to be solved in this steps are 
integrated vertically between the bottom B(x, y) and the free surface S(X, y, t) to obtain the 
St Venant equations without diffusion and advection terms. Thus, the new set of equations 
to be solved consists of two momentum conservation equations for the mean horizontal 
velocity components and conservative free surface equation. 
-11+1 -d 
U -U dh dB-
----+g-=-g-+F ~t dx dx x 
-n+1 -d 
V -V dh dB-
---+g-=-g-+F ~t dy dy Y 
dh d(Uh) d(Vh) 
-+ + -F 
- H dt dx dX 
Where, h(x, y, t) = s(x, y, t) - B(.1.", y) is the depth of the water and, 
_ 1 S 
Ui =- fUld:: hB 
The terms representing buoyancy forces Fl and F, are computed as, 
_ 1 S . g S d S ~P . F =- fFd- =- f-f-d-d-
.1 h B I' h B dx ~ Po ,., 
S S S 
-, 1 f ,g f d f.'1P , f, = - F, d:: = - -;- - d::d:: 
. h B· h B 0-," : Po 
(3.32) 
(3.33) 
(3.34) 
(3.35) 
(3.36) 
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The source term F H is 
(3.38) 
Where, W· is the sigma transformed vertical velocity component, z· denotes position of 
horizontal level and its value varies from 0 to 1. W· is equal to zero at the surface and at the 
bottom due to the impermiability or kinematic boundary condition. In order to solve the 
equations (3.32 - 3.34) continuity equation is split into hyperbolic and parabolic parts as 
below, 
(3.39) 
The remaining parabolic part is written as, 
(3.40) 
The pressure - free surface - continuity step yields the new (tn+l) position of free surface 
and horizontal velocity components. The 3D horizontal velocity components are finally 
computed as follows, 
n+1 d -n+\ -d -U = U +u 3D -U 3D -/).tFU3D +/).tp" (3.41) 
11+1 d -n+\ -d -
V = V + V 3D - V 3D - /).t F "3D + /).tF" (3.42) 
Where, Fu = Fx and Fv = Fy, are the three-dimensional source terms which were integrated 
in the St Venant equations to obtain Fu and F". Finally, the vertical velocity is found by 
integrating the continuity equation taking the impermiability condition at the bottom into 
account. Thus, 
wn+1 (-) = W n+1 (B).- -f" au"+1 d- - -S· avn+1 d-
... , B ax ... , B ay ... , (3.43) 
wn+1 (B) = U n+1 aB + Vn+1 aB 
ax a" (3.44) 
The solution algorithm of non-hydrostatic pressure code of Telemac is further complicated. 
The treatment of pressure is one of the most important characteristics of the algorithm and 
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is discussed in detail. The main idea of the non-hydrostatic pressure code is to decompose 
the pressure into two physically interpretable parts, the hydrostatic and hydrodynamic 
pressures, the later treated as a form of a correction to the former. In the free surface flows 
the pressure terms in the momentum-conservation equations can be separated into two 
terms, consisting of the hydrostatic pressure PH, which can be explicitly computed, and the 
hydrodynamic pressure J[, which can be found, for example by solving a Poisson pressure 
equation. Thus, the global pressure P is written as, 
(3.45) 
Using equation 3.45, the set of three-dimensional equations specific to the non-hydrostatic 
code of Telemac3D is written as, 
V·V=O (3.46) 
au as a [SfI1P ] I an 
-+v,vU=-g--g- --dz. +--+V·(vrVU)+Fr 
at ax ax z Po Po ax (3.47) 
av as a [SfI1P ] 1 an 
-+v·vV=-g--g- --dz. +--+V·(vrVV)+F, 
at ay ay z Po Po ay . (3.48) 
aw 1 an 
-+V ·VW =--+V ·(vrVV)+Fz at Po aZ. (3.49) 
p=p(T,s,c) (3.50) 
As mentioned above the hydrodynamic pressure can be found from the pressure Poisson 
equation. The non-hydrostatic pressure algorithm of Telemac3D was incorporated in a 
parallel way to already existing hydrostatic pressure code of Telemac3D. Due to this fact a 
special form of pressure equation namely, the pressure Poisson equation from fractional 
step formulation was applied. This equation can be obtained from the time-discretised 
form of the Navier-Stokes equations. In the solution algorithm the yelocity time deriyative 
is treated explicitly and can be split into, 
au un+1 -U [T _U" 
----+--- (3.51) 
at 
U i~ an intermediate ~olution tor the yelocity field that doe5 not sati5fy the continuity 
~ --
l'ljuation. Thus equation~ 3.-l7 to 3.-l l ) can be transformed into equations containing all the 
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terms but the hydrodynamic pressure gradients and second set equations containing them 
exclusively as follows, 
_u_u_
n 
+U.VU= __ l _ap,_H +V.(vtVU)+fx 
I1t Po ax 
(3.52) 
_v_v_n +U.VV=-_l _ap,_H +V.(vtVV)+f" 
I1t Po ay - (3.53) 
_w_w_n +U.VW= __ l _ap,_H __ P g+V.(VtVW) 
I1t Po aZ Po (3.54) 
un+l -U 1 aJ( 
---
I1t Po ax 
(3.55) 
vn+l_v 1 aJ( 
----
I1t Po ay (3.56) 
wn+l_w 1 aJ( 
---
I1t Po az 
(3.57) 
Taking into consideration that the resulting field U n+l must fulfil the incompressible 
continuity equation, the following form of the Poisson equation for the hydrodynamic 
pressure can be derived from equations 3.55 to 3.57. 
(3.58) 
Equation 3.58 is known as pressure Poisson equation from fractional step formulation 
which can be used to find the final (and divergence free) velocity field at the time level n+l. 
Based on the existing solution algorithm of hydrostatic pressure code, the solution for non-
hydrostatic equations are also obtained in subsequent stages treating equations into several 
parts. In the first step of the non-hydrostatic pressure algorithm the hydrodynamic 
pressure is excluded and only hydrostatic pressure part is taken into consideration. The 
global algorithm is explicit in time, and consists of the sum of partial (intermediate) 
solutions for a variable, f, after advection, r, diffusion, fi, and finally after pressure-free 
surface-continuity, fl+l, steps. The explicitly formulated time derivative of the ,oariable, f (= 
l/, V) is, 
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af = fll+1 - fd + fd - fa + fa - fn 
at !1t !1t !1t 
The advection term is solved first as follows, 
fa - fn + V . Vf = 0 
!1t 
In the second step, the following diffusion terms are solved, 
ud _Ua as a [5!1P ] !1t = V '(VtVU)- g--g- f-d~ +F( 
ax ax: Po 
(3.59) 
(3.60) 
(3.61) 
(3.62) 
(3.63) 
As a result of the advection and diffusion steps the intermediate velocity fields V is found. 
This is equivalent to the solution of three-dimensional shallow water equations with only 
difference that the computed velocity fields do not satisfy the incompressibility condition. 
Two new steps in the present non-hydrostatic pressure algorithm replace the pressure -free 
surface - continuity step of hydrostatic pressure algorithm. First, the continuity step is 
implemented, where the pressure Poisson equation is solved and the projection of velocity 
is performed. The second is the free surface step, which computes the position of free 
surface. 
In the first part of the continuity step the following 3D elliptic Poisson equation (3.58) for 
the hydrodynamic pressure is solved using the finite element method, 
(3.64) 
The resulting solenoidal velocity is found explicitly from the gradients of the 
h~'drodynamic pressure, l.e. the projection of the intermediate velocity is performed 
(equations 355 to 3.57) as, 
U"+1 = U d - ~t V J[ 
Po 
(3.65) 
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vn+l = V d _ ~t VJ[ 
Po 
wn+l =Wd _ ~t VJ[ 
Po 
(3.66) 
(3.67) 
At this stage the resulting three-dimensional velocity field satisfies the incompressibility 
conditions. Using the computed velocity field, the position of free surface is found in the 
next step using conservative free surface formulation as, 
sn+l sn a sn a sn 
- = -- J un+1 dz - - J vn+l dz (3.68) 
~t ax -8 ()y -8 
The above free surface equation can be solved either by using method of characteristics or 
streamline upwind Petrov-Galerkin finite element method (Brooks and Hughes 1982). 
3.5 Finite-element Meshes 
The adaptive mesh generator called MATISSE provided within the framework of Telemac3D 
suite of programs was used to generate the finite element unstructured triangular mesh. 
Telemac uses two-dimensional (2D) mesh as a base mesh to construct the full three-
dimensional (3D) mesh. The 2D mesh is an unstructured triangular mesh based on 
Delaunay Triangulation. The 3D mesh is obtained by duplicating the 2D base mesh on 
number of horizontal planes along the vertical direction. Due to the duplicating of the 
triangular element over the vertical, the 3D mesh consists of prismatic elements with 6 
nodes. The x and y coordinates of the 3D mesh nodes remain same as of the base mesh 
whereas the z-coordinate of the 3D mesh nodes is defined as Gankowski 1998), 
Zi = B(x,Y)+Z*i(S(X,y,t)-B(x,y)), Z*i E [0,1] (3.69) 
Where, Zj is the vertical coordinate of mesh nodes at ith horizontal level; B(x, y) is the 
domain bottom; S(x, y, t) is the free surface position, Z>tj value denotes the position of ith 
horizontal level (z>tj = 0 defines the bottom and Z'i = 1 denotes the free surface). 
Duplicating the 2D base mesh over the constant number of horizontal planes along the 
vertical sometimes poses severe discretization problems, particularly when the geometry of 
the flow domain is complicated as compound meandering channels. The main 
disadvantage of using such a meshing structure is that, with the constant number of 
horizontal mesh levels, the deeper region of the flow domain is always under-discretised 
and shallower region is always over-discretised Gankowski 1998). Thus, in case of 
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compound meandering channels, the floodplain region is over-discretised and the main 
channel is under-discretised as also pointed out by Morvan (2001). Ideally, the higher 
numbers of horizontal levels are required in the main channel and lesser on the floodplain. 
The accuracy of the numerical solution therefore lies in selecting the optimum number of 
horizontal levels keeping in mind the near wall resolution (Y+ criteria) and also the overall 
computational economy. The details of the 2D and 3D meshes and the number of 
horizontal levels used for the different flow cases are summarised in Table 3.3 and 3.4. 
The spatial resolution of the 2D base mesh is made fine in the main channel and coarse in 
the floodplain region to make the mesh economical in terms of computational run time. 
The resolution of the meshes used for this study is solely decided based on the courant 
number and the time step criteria. Generally speaking the mesh size is adjusted so that for 
the given reasonable time step such as 0.025 sec, the Courant number always ranges 
between 0.5 to 0.75 and in no case is greater than the unity. For the FCF and BUF cases, the 
2D base mesh was built over the two- and three-meander wavelengths respectively. Using 
the limited length of meander wavelength for the numerical simulations mean that the 
extra attention was required to ensure that the flow was developed. To ensure that the flow 
was developed, the lateral profile of horizontal velocities and free surface elevations were 
compared at different sections along the whole length of domain. The mass balance was 
checked at every apex section of the meander bend. 
For the FCF25 and FCF50 cases, the 2D base mesh was duplicated over the 18 horizontal 
levels along the vertical. To satisfy the Y+ criteria which is to make sure that the first 
horizontal level above the channel bottom lies in logarithmic velocity region, 10 horizontal 
levels were used for the BUF15 case whereas, 12 levels were used for the BUF25 and BUF50 
cases. The first horizontal level above the bottom is adjusted manually using the 
FORTRAN subroutine for the BUF25 and BUF50 flow cases so that Y+ value ranges from 30 
to 300. Figure 3.1(a-b) shows the plan view of 2D base mesh (half-meander only) for the 
FCF and BUF cases. Figure 3.2(a-e) shows the elevation view of 3D mesh only in the main 
channel at the bend apex for all the different flow cases. 
3.6 Initial and Boundary Conditions 
For any free surface flow simulation, the computational domain is bounded by open 
boundaries like inlet and outlet, lateral sidewalls, bottom and free surface. The boundary 
conditions are to be specified along these boundaries. In Telemac3D most of the boundary 
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conditions are set internally by default, which can however be modified via FORTRAN 
subroutines. 
As an initial condition, the water surface profile was set parallel to the bed to match the 
uniform flow profile. The unknown velocity field was set to zero. The numerical 
simulations were carried out by using steady state boundary conditions, with constant flow 
rate prescribed at the inlet and fixed water depth at the outlet end. For the turbulence 
parameter including the turbulent kinetic energy k and energy dissipation rate £, Telemac 
uses Dirichlet boundary condition at the inlet. Based on the local turbulence equilibrium, k 
and £ are specified as under, 
2 k=~ 
F: (3.70) 
£=--
K·k s 
u; 
(3.71) 
For the bottom and lateral solid walls, slip (friction) boundary condition is used. A 
standard wall-function (Launder and Spalding, 1974) is applied for the fully turbulent 
region outside the viscous sub-layer, 
(3.72) 
Where, U is the resultant velocity parallel to the wall at the first horizontal mesh level just 
above the channel bottom, U* = (T,j P )112 is the resultant friction velocity, TH is the wall 
shear stress, l\'is the von Korman constant equal to 0.41, y+ = u*& is the non-dimensional 
V 
wall distance, ..1: is the distance of first horizontal level above the channel bottom and E is 
uk 
the roughness parameter which depends on the roughness Reynolds number Re* = -* -' 
V 
and ks is the equivalent sand-grain roughness height. 
For the simulations reported in this thesis, the channel bottom is assumed to hydraulically 
rough (Rc' > 100) so that the roughness parameter E is given by, 
E= 30 
Re. (3.73) 
The near wall value of turbulent kinetic energy k and dissipation rate E are specified by 
l1ss11ming loel1} equilibrium l)f turbulence (Rodi 1993), 
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(3.7--1) 
£=-- (3.75) 
K'k, 
At the outlet boundary, zero normal gradient boundary condition is set internally for all 
the flow variables except the water depth. For the free surface zero gradient boundary 
condition is used for all the variables. 
3.7 Numerical Discretization and Solution Sequence 
The computational simulations were started with the initial conditions as discussed above. 
The boundary conditions as discussed earlier were applied. As already explained, the 
Telemac30 is based on decoupled algorithm based on the fractional step (operator 
splitting) techniques, in which the governing equations are split into fractional steps and 
treated using appropriate numerical schemes (Jankowski 1998). This allows the use of 
different numerical scheme for the advection of the flow variables. The semi-implicit 
streamline upwind Petrov-Galerkin (SUPG) finite element method (Brooks and Hughes 
1982) was used for the advection of the velocities and water depth. For highly advective 
flow problems, SUPG obtains stable solution (Brooks and Hughes 1982). Another choice for 
the treating the advection of velocity would be using the Lagrangian approach or the 
method of characteristics as used by Morvan (2002). Malcherek (2000) found that the 
method of characteristics induces serious numerical damping since linear interpolation 
functions are used for all the variables in Telemac30. The accuracy of results while using 
method of characteristics can be improved by using higher-order interpolation functions. 
Rameshwaran and Shiono (2003) also found the SUPG scheme to be less numerically 
diffusive as compared to the method of characteristics in their 20 simulations with 
Telemac20. The method of characteristics was however used for the advection of turbulent 
kinetic energy (TKE) and dissipation (£). The SUPG method was tried for the advection of k 
and £, but the program kept crashing just after the initial few iterations. The semi-implicit 
stand<wd Galerkin FEM (default in Telemac30) was used to solve the diffusive terms of the 
governing momentum equations. For all the simulation, the conservative free surface 
equation was soh'ed using semi-implicit SUPG method. For the stabilitv reasons, the 
Cranck-Nichobnn LKtor of 0.7:; was used for all the computations that use semi-implicit 
scheme. 
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The Linearized system of equations were solved by an iterative method, for which accuracy 
of 10-h was used and the maximum number of sub-iterations allowed were set to 60 which 
never exceeded for any of the simulation cases except for the initial few iterations. The 
standard default solvers (based on conjugate gradient method) and preconditioning 
options available within the Telemac3D were used. 
The simulations were carried out for the steady uniform flow conditions. The computations 
were started with an assumed ks value of 0.0003m, which is equivalent to a Manning's 
roughness value of 0.01 for the FCF case (Ackers, 1991). Successive adjustments to the ks 
value were made to make the flow uniform. The calibrated ks \'alues for the different 
simulation cases are summarised in Table 3.5. To ensure that the flow is uniform, the free 
surface profile outside the meander-belt region and the lateral free surface at the bend apex 
section were compared with the experimental free surface profiles. 
The steady state of the numerical simulation is judged based on the mass conservation. 
Since finite element is associated with mass conservation problems, the mass conservation 
was checked at different measurement cross-sections of the channel, which ensures that the 
flow is fully developed. This also justified the use of only two-meander wavelength mesh, 
instead of four for the FCF cases and three-meander wavelength for the B UF cases. The 
computations were assumed to converge when the mass is balanced within 1 % and 
absolute increment values of all the computed variables between the two time steps at all 
the nodes were below 10-4. 
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Table 3.1 Details on simulation cases 
Test Flu~e/(Jha~el Model scale Relative Floodplain flow Name depth depth 
FCF25 Flood Channel Facility (FCF) Large scale Dr = 0.25 Medium 
FCF50 Flood Channel Facility (FCF) Large scale Dr = 0.50 Deep 
BUF15 Bradford University Flume (BUF) Small scale Dr = 0.15 Shallow 
BUF25 Bradford University Flume (BUF) Small scale Dr = 0.25 Medium 
BUF50 Bradford University Flume (BUF) Small scale Dr = 0.50 Deep 
=-" 
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Table 3.2 Geometrical and flow parameters for all simulation cases 
Flow cases 
Geometry/Flow Parameters 
FCF25 FCF50 BUF15 BUF25 BUF50 
Curved channel length (Lc), (m) 16.49 16.49 2.532 2.532 2.532 
Meander wavelength (Lw ), (m) 12.00 12.00 1.848 1.848 1.848 
Sinuosity (Lc/Lw) 1.374 1.374 1.370 1.370 1.370 
Floodplain width, (m) 10.00 10.00 1.200 1.200 1.200 
Meander belt width, (m) 6.107 6.107 1.000 1.000 1.000 
Floodplain longitudinal slope 0.996-03 0.996-03 1.000-03 1.000-03 1.000-03 
Floodplain lateral slope None 
Floodplain boundary walls Straight 
Floodplain roughness Smooth surface 
Angle of meander arc (degrees) 120 120 120 120 120 
Crossover angle (degrees) 60 60 60 60 60 
Radius of curvature (m) 2.743 0.425 0.425 0.425 0.425 
Crossover length (m) 2.500 2.500 0.376 0.376 0.376 
Main channel- C/ s shape Trapezoidal 
Main channel - Side-slope 45 45 45 45 45 
Main channel- Top width (m) 1.200 1.200 0.271 0.271 0.271 
Main channel- Bottom width (m) 0.900 0.900 0.165 0.165 0.165 
Main channel - Height (m) 0.150 0.150 0.053 0.053 0.053 
Main channel - Aspect ratio 4.5 3.1 2.6 2.3 1.6 
Main channel roughness Smooth surface 
Cross-sectional area (m2) 0.6575 1.5455 0.0231 0.0336 0.0687 
Hydraulic radius (m) 0.0643 0.1486 0.0182 0.0263 0.0513 
Discharge (m3/sec) 0.250 0.98939 0.003631 0.006695 0.01732 
Total depth (m) 0.200 0.2888 0.0626 0.0714 0.1006 
Depth above floodplain (m) 0.050 0.1388 0.0096 0.0184 0.0476 
Relative depth (m) 0.250 0.480 0.153 0.258 0...1:73 
Cross-sectional velocity (m/sec) 0.380 0.640 0.157 0.199 0.252 
Shear velocity (m/sec) 0.025 0.038 0.013 0.016 0.022 
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Table 3.3 Main Summary of Meshes for different simulation cases 
2D mesh (Triangular element) 3D mesh (Prismatic element) No. of 
Case Horizontal 
Total nodes Total elements Total nodes Total elements planes 
FCF25 7121 13984 128178 237728 18 
FCF50 7121 13984 128178 237728 18 
BUF15 6017 11736 60170 105624 10 
BUF25 6017 11736 72204 129096 12 
BUF50 6017 11736 72204 129096 12 
Table 3.4 Mesh details for different simulation cases 
Simulation Cases 
Mesh Details 
FCF25 FCF50 BUF15 BUF25 BUF50 
Element type Triangular 
Number of nodes 7121 7121 6017 6017 6017 
2D 
Number of elements 13984 13984 11736 11736 11736 
Number of boundary nodes 256 256 296 296 296 
Element type Prismatic 
Number of horizontal levels 18 18 10 12 12 
Number of nodes 128178 128178 60170 72204 72204 
Number of elements 237728 237728 105624 129096 129096 
3D Number of boundary elements 4352 4352 2664 3256 3256 
Number of boundary nodes 18850 18850 14994 15586 15586 
Lateral boundaries 4608 4608 2960 3552 3552 
Free surface 7121 7121 6017 6017 6017 
Channel bottom 7121 7121 6017 6017 6017 
-~--------
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Table 3.5 Time step and Calibrated roughness coefficient for different simulation cases 
Simulation Cases Time step (sec.) Roughness coefficient (ks) mm 
FCF25 0.0250 0.450 
FCF50 0.0250 0.450 
BUF15 0.0125 0.275 
BUF25 0.0150 0.325 
BUF50 0.0150 0.350 
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(a) 
(a) 
Figure 3.1 Plan view of two-dimensional base mesh for a half-meander wavelength. (a) FCF 
and (b) BUF [For details of meshes see Table 3.3 and 3.4]. 
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(a) 
(c) 
(d) 
(e) 
Figure 3.2 Elevation view of the three-dimensional mesh in the main channel at the bend apex 
section. (a) FCF2S; (b) FCFSO; (c) BUF1S; (d) BUF2S and (d) BUFSO [For details of meshes see 
Table 3.3 and 3.4] 
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Chapter 4 
Results and Discussions - Mean Flow-
Mechanisms 
4.1 Introduction 
Three-dimensional Reynolds-averaged Navier-Stokes (RANS) and continuity equations 
were solved in the Cartesian coordinate system to predict the flow in compound 
meandering channels for different model scales and relative depths (Dr). This chapter 
describes the comparisons of the measured and predicted free surface elevations (5), mean 
primary and secondary flow velocities (U, V and W), secondary flow vectors, streamwise 
vorticities (Qx), turbulent kinetic energies (TKE) and bed shear stresses (Tb ) for the 
different flow cases. The aim of this chapter is to assess the capability of the computational 
model in reproducing the important flow characteristics and mechanisms associated with 
the compound meandering channels with overbank flows. While discussing the 
comparisons, the mean flow behaviours analysed from the experimental data as well as 
from the computational results are discussed in a comprehensive manner. As mentioned in 
the previous chapter, altogether five different flow cases with different Dr and model scales 
were considered. The discussions for all the five cases are presented in a non-repetitive 
way. While discussing the comparison for the first case, the flow behaviour and the 
mechanisms are explained in a very detailed manner. The remaining cases are discussed 
relative to what is already observed in the previous case. This avoids the repetition of 
explanations having similar meaning. 
The isolincs of the flow \' ariables were plotted at the different cross-sections along the 
meander, as it)t)king from the upstream end (eye at the upstream/inlet end). The axis 
normalisation is explained here. The lateral/horizontal axis represents the lateral distance 
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(y) normalised by the channel depth at the bankfull level (h), taking the left end of the 
channel bottom width as the origin. The vertical axis represents the vertical distance (:) 
also normalised by channel depth (h), which is taken from the channel bottom. The mean 
velocities (U, V and W) were normalised by the sectional averaged velocity (Us = QlA), 
where Q is the measured discharge and A is the cross-sectional area at the bend apex. The 
turbulent kinetic energies (TKE) and streamwise vorticities (Qx) were normalised by the 
shear velocity squared (U*2) and (Us/H) respectively, where H is the total depth of the water 
and u* is the shear velocity. The governing RANS and continuity equations were solved in 
the Cartesian coordinate system. The experimental data was measured along the 
curvilinear coordinate direction. For the comparison of measured and predicted flows, the 
predicted flow variables were resolved along the curvilinear coordinate directions using 
the post-processors of the Computational Fluid Dynamics (CFD) tool used in this study. 
For the FCF25 case, the streamwise velocity (U) and the lateral velocity (V) were measured 
at 11 different cross-sections (namely, sections MC1-MC11) along the meander. The 
location details of these cross-sections are shown in Figure 4.1. The experimental 
measurements for the BUF cases were carried out at 7 different cross-sections (namely, 
sections 1, 3, 5, 7, 9, 11 and 13) along the half-meander wavelength. The location details of 
these cross-sections are shown in Figure 4.2. To understand the flow behaviour along the 
half-meander wavelength, sections 1 to 13 are used as the benchmark sections for all the 
flow cases considered here. Thus, the isolines of the flow variables for different flow cases 
were all plotted at sections 1-13 (see Figure 4.2 for location details). Contours plots were 
confined to the main channel section only. For section 1 to section 5, the inner side of the 
main channel corresponds to the left side in the contours plots. From section 9 to section 13, 
the inner side of the main channel corresponds to the right side of the contour plots. For 
section 7, which is in the straight cross-over region, left and right side terms are used to 
discuss the flow behaviour. 
4.2 Mean Streamwise Velocity 
For the FCF:!.S case the LDA measurements of the streamwise (U), lateral (V) and vertical 
(W) velocities and turbulent kinetic energy (TKE) were available at section 1 only. The 
isolines of the measured U, V, W, secondary flow vectors and TKE for the FCF:!.S flow case 
at section 1 are shown in the Figures 4.3, -lA, -l.5, 4.6 and -l.7, respectively. The streamwisl' 
vl'locity llnd lateral velocity were also measured at sections Mel-MCll. For the FCF:!.S 
Cllse, the comparisons of the measured and predicted U are carried out first at sections 
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MCl-MCllo Figures 4.8 and 4.9 show the cross-sectional distribution of the measured and 
predicted streamwise velocity (U) from sections MCI to MCll for the FCF25 case. 
In Figure 4.8, at section MCl, the maximum U core is located near the inner side of the 
main channel (left hand side in Figure 4.8) with a magnitude of around l5~/o higher than the 
sectional average velocity (Us). As we move towards the outer side (right hand side in 
Figure 4.8) of the main channel, U decreases to around 80% of Us. The distribution of U 
remains more or less similar at sections MC2 and MC3, where the maximum magnitudes of 
U (Umax) are around 25% and 30% higher than Us, respectively. Section MC3 is the bend 
apex section. At the apex section the main channel and floodplain flow directions are 
parallel to each other. Due to this fact the complexity of main channel/floodplain flow 
interaction is not significant at the apex sections. At section MC4, the reduced U magnitude 
at the inner side of the main channel at the bankfull level and the shift of Umax slightly 
towards the outer side of the main channel, are observed. The magnitude of Umax is around 
25% higher than Us at MC4. At section MC5, a large gradient of U in the vertical direction 
is observed at the inner bankfull level of the main channel, which extends laterally as the 
flow moves downstream to section MCllo This is basically due to the shearing of the main 
channel flow at the inner bankfull level by the floodplain flow plunging into the main 
channel. The velocity below the bankfull level is higher than the velocity above the 
bankfull level. Due to this, the horizontal shear layer at around bankfull level particularly 
in the cross-over region is generated. For the conveyance estimation, this horizontal layer 
divides the compound cross-section in the upper layer region (floodplain flow, ideally 
between the meander belt width) and lower layer region (inbank main channel region). In 
case of compound straight channels the vertical interface between main channel and 
floodplain is subjected to shear due to differential velocity between the main channel and 
the floodplain. However, as evidence from the above, in case of compound meandering 
channels with overbank flows, the horizontal interface at the bankfull level is subjected to 
shear due to the differential velocity between the upper and lower layer region. However, 
it is important to emphasise the fact that in both the cases of compound straight and 
meandering channels, the main channel and floodplain interaction is the main cause of the 
existence of the shear layer. In summary, in case of compound straight channels, the main 
channel and floodplain flow interacts due to the differential velocity between the two. In 
case of compound meandering channels, the main channel and floodplain flow interacts as 
floodplain flow plunges into the main channel. This explains the basic difference of flo\y 
mechanisms between the compound straight and meandering channels. 
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Figure 4.9 shows that U is consistently under-predicted at all the sections from MC1 to 
MC11, although the distribution profiles/patterns are reproduced very well. The predicted 
Umax is equal to Us (the measured Umax was 15% of Us) at section MC1 whereas, for MC2 
and MC3 it is 10% (the measured one is 25%) and 15% (the measured one is 30%) higher 
than Us, respectively. The large gradients of U at the inner bankfull level of the main 
channel, which is a very important flow phenomenon in terms of the generation of shear 
layer, are predicted well. In all, the U distribution is predicted fairly well with a consistent 
under-estimation at all the sections for the FCF25 case. 
Figure 4.10 shows the cross-sectional distribution of the predicted streamwise velocity (U) 
at the half meander from the upstream apex to the downstream apex sections, 1 to 13, for 
the FCF25 case. Section 9 is same as section MC11 that is discussed earlier. With regard to 
U, another important flow behaviour observed is the formation of the faster flow region at 
the inner side of the bend apex section. Faster flow crosses the cross-over region and again 
occupies the inner side of next bend apex section 13. Thus the flow in meander bend 
follows the shortest path of travel. The mirror images of the predicted U distributions are 
attained at the consecutive bend apex sections (1 and 13). This eventually implies that the 
predicted flow is fully developed. As already mentioned that for the FCF25 case, U is 
consistently under-predicted at all the sections. Morvan (2002), Rameshwaran and Naden 
(2004a) and Wilson et al. (2004) used CFX, Phoenics and SSIIM solvers respectively, to 
predict the FCF25 flow. They all showed the similar profile and under-prediction of the U 
at the apex section. 
Figure 4.11 shows the cross-sectional distributions of the predicted streamwise velocity (U) 
for the FCF50 case. The distribution profile and the behaviour of U for the FCF50 (higher 
relative depth) are more or less similar to the FCF25 (shallower relative depth) case. 
Particularly at the bend apexes, the U distributions for the FCF50 and FCF25 flow cases are 
very much similar. However, distinct differences in the U distributions at the cross-over 
region are observed between the two flow cases in terms of U gradients. The gradients of U 
at the inner bankfull level for this flow case in the cross-over region are not larger than 
those for the FCF25 case. This was however anticipated for the deeper flow case. 
The lower layer (below bank) flow follows the streamwise direction, whereas the direction 
of the upper layer flow depends on the relative depths. For deeper flow case, the upper 
layer flow follows the longitudinal direction instead of streamwise direction as in case of 
shallow flow case. Due to this, the interactions between the main channel and the 
floodplain flows are relatively less significant for deeper flow cases. Since the experimental 
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measurements for this case is not available, it is not possible to comment on the comparison 
of the prediction results. 
Figures 4.12 and 4.13 show the measured and predicted U distributions at sections 1-13 for 
the BUF15 flow case, respectively. This is the shallower flow case for a small-scale 
compound meandering channel. The U distribution for the BUF15 case shows similar 
pattern to the previous cases. Figure 4.12 shows that the gradient of U becomes large 
particularly in the cross-over region, which is due to the shear interaction between the 
main channel and the floodplain flows. The measured U profiles at the upstream and 
downstream apex sections (1 and 13) are not exactly same, which implies that the flow for 
this case is not fully developed. As compared to the FCF25 and FCF50 cases, the U 
magnitude at the apex section is lower. Figure 4.13 show that U is consistently over-
estimated at all the sections. However, the distribution patterns are reproduced well. The 
distribution of the predicted U at section 13 is the exact mirror image of the predicted U 
profile at section 1. 
Figures 4.14 and 4.15 show the measured and predicted U profiles at sections 1-13 for the 
BUF25 case, respectively. The measurement data show that overall U is lower than those of 
the BUF15 case. The gradients of U at the bankfull level in the cross-over regions are not 
much larger than those of the BUF15 case. This implies that as the flow depth increases the 
interaction between the main channel and floodplain flows becomes less dominant. As 
pointed out above, this may also be evident from the fact that for the higher relative depth, 
the floodplain flow tends to follow the longitudinal direction whereas for lower relative 
depth, it tends to follow the main channel or the streamwise flow direction. Apart from 
this, the U profile for the BUF25 case looks similar to that of the BUF15 case. Figure 4.15 
shows the consistent over-predictions of U for the BUF25 case. As in the previous flow 
cases and for this case, the U distribution is also reproduced fairly well. The over-
predictions of U were also observed in their computational results. Figure 4.16 shows the 
U distributions for the BUF50 flow case. The large gradients of U at the inner bankfull level 
observed in the BUF15 and BUF25 flow cases are reduced for the BUF50 case as seen from 
Figure 4.16. As pointed out earlier this is due to the fact that as the depth of flow (relative 
depth) increases, the effect of the main channel/floodplain interaction decrease. 
The U distributions for the different flow cases were compared with the measurement data 
and the flow behaviour were identified. In all, the predictions of the streamwif;e velocih' U 
at different sections along the meandering channel agreed reasonably well with the 
experimental data. Consistent under-estimations in the case of large-scale flume and oYcr-
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predictions in the case of small-scale flumes were observed. Given the fact that pre\-ious 
researchers reported similar prediction trends, the error in the U prediction may be related 
to a possible error in the stage-discharge measurements. 
4.3 Mean Lateral Velocity 
The comparisons of the measured and predicted lateral velocity (V) are first carried out at 
sections MC1-MC11. Figures 4.17 and 4.18 show the cross-sectional distribution of the 
measured and the predicted lateral velocity (V) at sections MC1-MC11 for the FeF25 case. 
Figure 4.4 is also recalled, which shows the LDA measurement of the lateral velocity (V) at 
section 1. 
Figure 4.17 shows that at section MC1, Vmax is around 85% of Us. This high magnitude is 
due to the floodplain flow plunging into the main channel from the outer side of the main 
channel (right side). The floodplain flow causes the shearing of the main channel flow at 
the outer side bankfull level, which is also evident from the large gradient of the V in the 
vertical direction at the bankfull level. As the flow approaches the bend apex (section 
MC3), the magnitude of V decreases and is around 25% of Us. As discussed earlier, at the 
apex section, that since the main channel and floodplain flows are parallel to each other, 
the influence of the interaction between the two flows are less significant at the bend apex. 
The result shows this. From section MC5 to section MC11, the large gradient starts 
developing at the bankfull level near the inner side of the main channel. As seen from 
Figure 4.17, the maximum magnitude of V at the bankfull level increases up to 15% higher 
than the Us. Figure 4.18 show that V is consistently under-predicted for all the sections 
though the distribution pattern is well reproduced. 
Figure 4.19 shows the cross-sectional distribution of the predicted lateral velocity (V) at the 
benchmark sections 1 to 13 for the FeF25 case. An increase in V magnitude above the 
bankfull level at the inner side of the main channel can be seen from section 3 to section 9. 
As flow moves downstream to section 11, the V magnitude above the bankfull level starts 
to decrease. Thus the figure clearly shows that the main channel and floodplain interaction 
particularly becomes strong in the cross-over region. As will be discussed in the later 
section that secondary flow circulations in compound meandering channels are mainly 
generated due to the floodplain flow shearing the main channel flow at the bankfull len:-l 
in the cross-over region. In all the lateral velocity for the FeF25 case is also consistently 
under-predicted at all the sections. Of significance is that the computational model is able 
to well reproduce the flow mechanism like plunging of floodplain flow into the main 
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channel as evident from the large gradient of V observed at the bankfull level near the 
inner side of the main channel from section 3 to 11. Figure 4.20 shows the cross-sectional 
distribution of the predicted lateral velocity (V) at the benchmark sections 1 to 13 for the 
FCF50 case. The magnitude and distribution profiles of V for this case are similar to those 
of the FCF25 case. 
Figures 4.21 and 4.22 show the cross-sectional distribution of the measured and predicted 
transverse velocities (V) for the BUF15 case at the different sections (1-13) along the half-
meander. Overall, the magnitude of V for this is smaller than the FCF cases. The large 
gradient of V is again observed at the bankfull level in the cross-over region. The 
experimental data show that the magnitude of V max goes up to 70% of Us in the cross-over 
region. The measured and predicted Vmax at apex section 1 is around 20% and 30% of Us, 
respectively. The lateral velocity V is consistently over-estimated at all the sections (1-13). 
Figure 4.23 show the cross-sectional distribution of the measured V at all the sections along 
the meander for the BUF25 case. Figure 4.24 shows the predicted V for the BUF25 case. At 
the apex section, the measured V max is 20% of Us whereas the predicted Vmax is around 30% 
of Us. The V magnitude and distribution profile for B UF25 case are more or less similar to 
those of the BUF15 case. The V is consistently over-predicted at all the sections. Figure 4.25 
shows a similar distribution of V for the BUF50 flow case. The magnitude of V for this case 
is more or less same as those for the BUF25 and BUF15 flow cases. 
The measured and predicted lateral velocity (V) profiles and magnitudes are compared for 
the different flow cases. The floodplain flow shearing the main channel flows at the 
bankfull level and particularly in the cross-over region was evidently observed from the V 
distributions. The prediction trend showed the under-prediction and over-prediction for 
the large-scale and small-scale flumes respectively. However, the flow patterns were well 
reproduced, which is validated against the flow behaviour observed from the experimental 
data. 
4.4 Mean Vertical Velocity 
It is not customary to study the distribution of the vertical velocity (W). However, for the 
completeness of the chapter, the vertical velocity (W) distributions are included for all the 
cases at sections 1-13 and discussed very briefly. Figure 4.5 shows the cross-sectional 
distribution of the measured W at section 1 for the FCF25 case. The maximum magnitude of 
W is around 6% of U~. Figure 4.26 shows the predicted 1-V at sections 1-13 for the FCF25 
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flow case. At the apex section W is under-predicted in the most area except the left side 
area. The magnitude of predicted W is an order smaller than the primary mean velocity (U) 
and ranges approximately at around 0.5-20% of Us along the meander for the FCF:?S case. 
Figure 4.27 for the FCF50 case shows similar magnitude and profile of W as compared to 
the FCF25 case. The large gradients of W near both the main channel sidewalls are 
observed in the cross-over region. For the B UF15 flow case, Figures 4.28 and 4.29 show the 
measured and predicted W at different sections along the half-meander, respectively. The 
distributions and magnitudes of W for the B UF15 case are well predicted. Figures 4.30 and 
4.31 show the measured and predicted vertical velocity (W) distributions for the BUF:?5 
case, respectively. As can be seen from the Figure 4.30, the maximum magnitude of the 
vertical velocity is of the order of 16% of Us (seen at section 7, in the cross-over region). The 
computational results show fairly well predicted W for the BUF25 case. Figure 4.32 shows 
the distribution of W for the BUF50 flow case. The distributions along the meandering 
channel are very much similar to those of the BUF25 case. For the qualitative analysis of 
numerical predictions of secondary velocities V and W, it is customary to study the 
behaviour and orientation pattern of the secondary flow circulations. The following section 
discusses secondary flow circulations based on the measured and predicted secondary flow 
velocities. 
4.5 Secondary Flow Circulations 
From chapter 2, we know that in curved or meandering channels, secondary flow 
circulations are generated due to the combined effects of geometry (main channel and 
floodplain interactions) and the turbulence anisotropy. The secondary flow circulations 
generated by the centrifugal forces resulting from the bend channel geometry, are called as 
the Prandtl's first kind of secondary currents. The secondary currents generated due to 
turbulence anisotropy are called as the Prandtl's second kind. The Prandtl's classifications 
of the secondary flow circulations are comprehensively given in the next chapter. Accurate 
predictions of the Prandtl's first kind circulations are not numerically demanding as those 
for the Prandtl's second kind. An advanced turbulence model, which takes turbulence 
anisotropy into account, is needed to capture the turbulence driven secondary flow 
circulations. For the present study, a widely used standard k - £ turbulence model 
(Launder and Spalding 1974) is used because the adyanced turbulence model is not 
a,'ailable v,'ithin the framework of Telemac3D (Hervouet and ,'an Haren 1996). Since k-E 
model is based on the Boussinesq approximation (isotropic eddy viscosity) (Rodi 1993), it is 
expected that the Prandtl's second kind of circulations are not captured at all. The 
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following section discusses the behaviour and mechanisms of the measured and predicted 
secondary flow circulations. 
For the FCF25 case, the measured secondary flow circulations are available only at the apex 
section, which is as shown in Figure 4.6. From this figure, three anticlockwise circulation 
cells are seen. The cell near the inner side of the main channel is much stronger or well 
developed as compared to the circulation cell seen near the outer side of the main channel. 
A rather weak and clockwise circulation cell is also seen near the bed at y/h - 5.5. 
Figure 4.33 shows the predicted secondary vectors for the FCF25 case at sections 1-13. At 
section 1 which is the apex section, a single dominant anticlockwise circulation cell is 
predicted, which occupies almost the whole of main channel area. At around y/h - 6, a 
small clockwise circulation cell is predicted, which agrees with the measured data. The 
strength or the magnitude of secondary flow vectors is under-predicted, which is 
consistent with the under-prediction of V and W. Rameshwaran and Naden (2004a) and 
Wilson et al. (2004) predicted an almost similar pattern of the secondary flow circulations at 
the apex section 1. As the flow moves downstream to section 3, the anticlockwise cell 
observed at section 1 disappears completely. However, the new clockwise circulation cell is 
seen near the inner side (left side) of the main channel. Thus it is evident that this new 
circulation cell originates from somewhere between the section 1 and section 3. The 
generation of this new circulation cell at section 3 coincides well with the shearing of the 
main channel flow by the floodplain flow plunging into the main channel as clearly seen 
from the U and V profile at the same section. The large gradient of U and higher positive 
magnitude of Vat around bankfull level near the inner side of the main channel confirms 
the impingement of the floodplain flow into the main channel (see Figures 4.10 and 4.19 for 
the predicted U and V profile). The interaction between the main channel and floodplain 
flows is particularly significant in the cross-over region. At section 5 which is the start of 
the cross-over region, the magnitude of floodplain flow entering the main channel 
increases due to which the circulation cell seen at section 3, gains strength and size, and it 
travels towards the outer side of the main channel. This cell occupies most of the main 
channel inbank area at section 7, which is at the mid of the cross-over region. The pattern of 
circulation remains almost same at section 9 as it was at section 7. This suggests that either 
the magnitude of floodplain flow entering the main channel is reducing or it do not ha\'e 
any significant effect on the secondary flow pattern at section 9, which is at the end of the 
cross-over region. At section 11, the magnitude of secondary \'ectors at the bankfull le\'el 
near the inner side of the main channel is reduced as expected. The secondary flow 
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circulation pattern at section 13 is similar to that in section 1 except with the opposite sense 
of rotation. In all, the magnitude of the secondary flow circulation is under-predicted as 
seen from the comparison of measured and predicted secondary vectors at section 1. The 
numerical model is not able to predict the secondary flow pattern accurately at the apex 
section, which is due to the isotropic eddy viscosity assumption on which the k-E 
turbulence model is based. From the description above, it is clear that for the FCF25 case, 
the origin of secondary flow circulation starts somewhere between section 1 and section 3. 
The exact point of origin of secondary flow circulations cannot be investigated using the 
vector plots, unless the plots are made at numerous sections spaced closely. The above 
discussion is based on the prediction of geometry induced or the Prandtl's first kind 
circulations only. It is anticipated that the patterns of the predicted secondary flow 
circulations for all the remaining flow cases will be very much similar to this case. 
In general the pattern and the behaviour of the secondary flow vectors for the FCF50 case is 
very much similar to the FCF25 case, as seen from the Figure 4.34. At the apex section, two 
anticlockwise circulation cells are seen. The generation of new clockwise circulation cell is 
observed at section 3. However, this new cell is not as developed as it was for the FCF25 
case. This implies that the generation of new secondary flow circulation cell depends on the 
depth of the flow, as this is the only flow variable, which differentiates between the FCF50 
and FCF25 cases. 
Figures 4.35 and 4.36 show the measured and predicted secondary flow circulations for the 
BUF15 flow case at sections 1-13, respectively. Figure 4.35 shows that at section 1, a single 
dominant anticlockwise circulation cell (say, A1) at y/h - 1 and z/h - 0.5 is seen, which 
covers almost half the channel width. At around y/h - 3.0 and z/h - 1, a small anticlockwise 
rotation cell (say, A2) is seen. Just below this cell, a rather weak clockwise rotation cell (say, 
A3) is observed. At section 3, the circulation cell Al observed at section 1, is lifted towards 
the free surface region. The clockwise cell A3 observed at section 1 maintains the same 
position at section 3. At the inner side of the main channel, the generation of a new 
clockwise circulation cell (say, B1) is observed. At section 5, the new clockwise circulation 
cell (B1) gains strength and size and travels towards the outer side of the main channel. The 
main channel and floodplain flows interact with each other causing shearing of the main 
channel flow at the bankfull level in the cross-over region. Due to this, the cell B1 grows in 
size, crosses the mid of the cross-over region at section 7 and finally attains the position at 
the inner side of the bend at section 9, 11 and 13. At section 13, the patterns of secondary 
vectors arc exactly same as it \yas at the previous bend ape>- section 1. Thw~ the interaction 
... .., 
I .... 
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of the floodplain flow with the main channel particularly in the cross-over region generates 
and drives the secondary flow circulation along the meander bend. Figure 4.36 shows that 
the secondary flow circulations for the BUF15 flow case are predicted well. At section 1, the 
predicted vectors show the three circulation cells (Al, A2 and A3) with the rotation sense 
similar to what was observed from the experimental data. However, it is difficult to 
comment on the magnitude of the secondary vectors, as the measured and predicted 
vectors are not on the same scale. This is due to the unavailability of the processed 
measurement data. At section 5, the measurement data shows that the centre of new 
circulation cell (Bl) was at y/h - 0.25, whereas, the predicted centre of the cell is at y/h __ 
0.5. Similar differences in the location of circulation cells are observed at section 7, 9 and 11. 
This is probably due to the over-estimation of the mean velocities as compared to the 
measurement data. The higher mean velocities as compared to the measured data implies 
that the plunging of the floodplain flow will start at further downstream as compared with 
the measurement data. In all, for this case, the secondary flow circulations are predicted 
very well. 
Figures 4.37 and 4.38 show the measured and predicted secondary flow circulations for the 
BUF25 flow case at sections 1-13, respectively. The secondary flow circulations patterns for 
the BUF25 case is more or less similar to those for the BUF15 flow case. The notable 
difference between the BUF15 and BUF25 case is with respect to the new clockwise 
circulation cell, which originates from section 3. For the BUF15 case, at section 5, this new 
cell is well developed and can be clearly seen. However, for the BUF25 case, the new 
clockwise circulation cell at section 5 is not as much developed as it was for BUF15 case. It 
can thus be inferred that as the relative depth increases the point of origin of the new 
circulation cell shift further downstream. This is also demonstrated for the FCF flow cases. 
Apart from this the patterns of secondary flow vectors for the BUF15 and BUF25 flow cases 
are exactly the same. The prediction however differs considerably for the BUF25 case. As 
we have seen that for the B UF15 case, the entire three measured circulation cells at the apex 
section were reproduced well. However, for the BUF25 flow case, single large 
anti clockwise circulation cell is predicted and the other two cells observed in the 
experimental data are not predicted at all. Figure ..J:.39 sho\','s the predicted secondary flow 
circulation for the B UF50 flow case. At section I, a single large anticlockwise circulation cell 
is seen. At section 5, a new clockwise circulation cell is seen. The growth and decay pattern 
of secondary flow circulations for this flow case remains same as in the pre\'ious flow 
cases. It can be inferred from this discussion that the point of generation of a ne\\" 
circulation cell is different for all the flow cases and it depends on the relative depth of 
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flow. It is also felt that it is difficult to comment on the strength or magnitude of secondary 
flow circulations looking at the vector plots. In the following chapter, the detailed analyses 
of the generation point, strength, and growth and decay patterns are carried out. 
4.6 Mean Streamwise Vorticity 
The mean streamwise vorticity (Qx ) is often used to study the generation, growth and 
decay pattern of secondary flow circulations (e.g. Demuren and Rodi 1984). The generation, 
growth and decay of the secondary flow circulations are investigated here using the 
isolines of streamwise vorticity plotted for all the flow cases. The streamwise vorticit\' is 
calculated using mean values of secondary flows (V and W) as under, 
n _ dW dV 
~~ -----
x dy dZ (-:1:.1) 
A positive value of Q x corresponds to an anti-clockwise circulation and VIce-versa. 
However, for the measured streamwise vorticity the Fleming left hand rule was used to 
decide the coordinate direction. Thus, the positive value of measured ,(2:,. corresponds to the 
clockwise circulation and vice-versa. 
Figure 4.40 shows the isolines of the predicted mean streamwise vorticity (Qx) for the 
FCF25 flow case at the benchmark sections 1-13. At section 1, the whole main channel area 
is occupied with the isolines of Q x having positive values, which indicates a single large 
anticlockwise rotation cell. The maximum magnitude of Q x is around 550,0 of (Us/H), 
located towards the outer side of the main channel. At the outer side of the main channel, 
the negative value region can be seen, which is suggesting small and weak clockwise 
rotation cell. At section 3, the overall magnitude of Q x decreases, however the negative 
region with maximum magnitude of 200% of (Us/H) at the bankfull level appears in the left 
side that confirms the generation of a new clockwise rotation cell at section 3. As the flow 
moves further downstream, the magnitude of Q x increases gradually upto 3000 (l of (U~/H) 
at section 9, which suggests the development of the clockwise rotation cell. In all the 
isolines of Q x confirm the pattern of secondary flow circulations discussed earlier. The 
magnitude of Q x is very high particularly in the cross-over region. For the FCF50 flow case, 
Figure .fAl shows that at apex section 1, two distinct negative values are predicted, v;hich 
means two anticlockwise cells existed, however, it was very difficult to point out them 
from the secondary vector plots shown in Figure 4.34. The magnitude of Q x in the cross-
over region goes upto .. W(Y' (l of (Us/H). 
Chapter .f Results and Discussions - Mean Flow Mechanisms 
Figures 4.42 and 4.43 show the isolines of the measured and predicted .Qx for the BUF15 
flow case. It is recalled that the sign convention of the measured and predicted .Qx are 
opposite to each other. The measured data at section 1 show a dominant anticlockwise 
circulation cell and that the magnitude equals 100% of (Us/H). The predicted magnitude is 
around 125% of (Us/H), thus the strength of secondary flow circulations is over-predicted at 
section 1. The over-prediction trend continues for all the sections 1-13. Both the measured 
and predicted distributions of Q x show the generation of a new clockwise circulation cell at 
section 3 and it is gradually developed as the flow travels downstream. The isolines with 
zero magnitude of Qx, separating the counter clockwise circulations are reproduced yery 
well. Figures 4.44 and 4.45 show the isolines of the measured and predicted .Qx for the 
BUF25 flow case. In all the patterns of .Qx are predicted well, but the magnitudes are oyer-
predicted at quite few sections. The measured data show that the strength of circulations is 
nearly same for both the BUF15 and BUF25 flow cases. For the BUF50 flow case, Figure .J:.-16 
show a single large anticlockwise circulation cell at section 1. The magnitudes of Q x for this 
case are more or less similar to those for the previous BUF flow cases. 
4.7 Free-surface Elevation and Bed Shear Stress 
The free surface profile is only available for the FCF25 flow case whereas for the B UF flow 
cases the free surface was not measured. Figure 4.47 shows the comparison of the 
measured and predicted lateral free-surface profiles for the FCF25 case. As discussed in the 
previous chapter, the successive calibration of the roughness height (ks) was made to 
ensure the flow in uniform. Reasonably good agreement between the measured and 
predicted free surface is observed in the main channel. On the outer floodplain region, 
particularly outside the meander-belt width, the free surface elevation is under-predicted. 
The measured bed shear stress data were only a\'ailable for the FCF25, BUF15 and BUF2S 
flow cases. Figures 4.48, 4.49 and 4.50 show the measured and predicted bed shear stresses 
for the FCF25, BUF15 and BUF25 cases, respectively. For the FCF25 case, the bed shear 
stress is predicted very well. The drop of the bed shear stress value near y - 0 is not 
predicted. The bed shear stress predicted by Rameshwaran and Naden (2004a) showed this 
drop but not quite well. Figures 4.-19 and 4.50 show the bed shear stress profiles for the 
BUF15 and BUF2S flow cases respectively. The bed shear stress on both the side walls are 
not predicted well whereas, the bed shear stress on the main channel bottom is predicted 
well. Overall, the predictions of bed shear stresses are reasonably well. 
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4.8 Turbulent Kinetic Energy 
Figure 4.7 shows the isolines of the measured turbulent kinetic energy (TKE) normalized h,' 
oJ 
U *2 for the FCF25 case at the apex section 1. A high turbulent region can be seen toward5 
the inner side of the main channel. The maximum magnitude of TKE is around 7.5Z(2 
located towards the inner side of the main channel at y/h - 1 and z/h - 0.75. The location of 
the maximum TKE core corresponds well to the location of dominant anticlockwise 
circulation cell as seen from Figure 4.6. The TKE magnitude decreases towards the outer 
side of the main channel. 
Figure 4.51 shows the isolines of the predicted TKE for the FCF25 flow case at the 
benchmark test sections 1-13. At section I, the distribution pattern of the predicted TKE 
corresponds to the predicted single dominant anti clockwise circulation cell. The magnitude 
of TKE is under-estimated. At section 1, the predicted maximum magnitude of TKE is 
around 4U*2 as compared to the measured magnitude of 7.5u*2, The decrease in the TKE 
magnitude towards the outer side of the main channel agrees well with the measurement 
data. The under-prediction of TKE is due to the inadequacies in the k -£ turbulence model, 
as reported by Rameshwaran and Naden (2004a). At section 3, the TKE magnitude 
decreases but the distribution pattern remains similar to the previous section 1. The 
maximum magnitude of TKE at section 3 is around 2U*2. The maximum TKE core is shifted 
laterally towards the outer side of the main channel. At section 5, the maximum TKE core 
with the magnitude of 2U*2 is observed to be further shifted laterally near the outer side of 
the main channel at around y/h - 6.75. However, a new zone of high TKE at around 
bankfull level near the inner side of the main channel is observed. This high turbulent zone 
at the inner bankfull level of section 5 is formed due to the shear interaction between the 
main channel and the floodplain flows. As the flow travels further downstream to section '; 
the high TKE zone develops further and extends laterally towards the right side of the 
main channel. The maximum magnitude of TKE at section 7 is around llu*2. At section 9, 
this high turbulent region travels further towards the inner side (right side) of the main 
channel with a maximum TKE of around 9U*2. Thus the pattern of TKE follows the profile 
or behaviour of the secondary flow circulations. At sections 11 and 13, the magnitude of 
TKE decreases further. At section 13, the pattern and magnitude of TKE is the mirror image 
of the section 1. For the FCF25 case, TKE was measured only at the bend apex section 1. 
Thus for this flow case, it remains to be investigated that whether the trend of under-
prediction of TKE continues for all the section along the half-meander. Particularly 
interesting is to compare the capabilit}, of the k -£ turbulence model in predicting the 
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turbulence in the cross-over regIOn which is significantly influenced bv the shear 
interaction between the main channel and floodplain flows. 
Figure 4.52 shows the isolines of the measured TKE at sections 1-13 for the FCF50 case. As 
compared to the FCF25 flow case, the overall magnitude of TKE for the FCF50 case is 
higher. For this case, the distribution pattern remains fairly same as that for the FCF25 case. 
However, there is a distinct difference observed at section 9. The maximum TKE core with 
magnitude of 13u*2 is seen at the inner side (right side) of the main channel, whereas for 
FCF25 the maximum TKE core was observed at the centre of the main channel. The 
maximum magnitude of TKE ranges from 3U*2, 10u*2, 13u*2 and 7.5U*2 at sections 5, 7, 9 and 
11, respectively. 
Figure 4.53 shows the isolines of the measured TKE at sections 1-13 for the BUF15 case. 
Large gradients of TKE are seen at the inner bankfull level of section 5 and at the left side 
bankfull level for sections 7 and 9, which are all in the cross-over region. The magnitude is 
high at the bankfull level particularly in the cross-over region, which implies the existence 
horizontal shear layer at the bankfull level. The maximum magnitude of TKE at the 
bankfull level increases as the flow travels downstream from section 3 to section 9. The 
maximum magnitude ranges from 5U*2, 10u*2, 18u*2 and 26u*2 at sections 3, 5, 7 and 9 
respectively. Figure 4.54 shows the predicted TKE for the BUF15 flow case. The TKE is 
considerably under-predicted at all the sections for this flow case. However, the formation 
of the high TKE zone at the inner bankfull level of section 5 is well reproduced, although 
with a very small magnitude as compared to the measurement data. The prediction of TKE 
gets even worse in the highly turbulent cross-over region. The predicted maximum 
magnitude of TKE ranges from 2U*2, 2U*2 and 3U*2 as compared to the measured magnitude 
of 10u*2, 18u*2 and 26u*2 at sections 5, 7 and 9, respectively. Despite of the disagreement 
between the measured and predicted TKE, the mean velocities and the bed shear stress are 
predicted well as discussed in the previous section. This implies that the turbulent stress 
terms appearing in the momentum equations are less dominant than the advection terms 
for predicting the mean flow variables. The overall tendency of under-prediction of TKE is 
thus identified here. TKE is predicted relatively better at sections 1, 3, 11 and 13, where the 
main channel and floodplain interaction is not as significant as in the cross-over region. 
However, in the cross-over region TKE is considerably under-predicted. The k-£ 
turbulence model is based on the Boussinesq's eddy viscosity approximations. Wilcox 
(1993) stated that for the fully turbulent and three-dimensional flows, the Boussinesq 
-I, 
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approximation would predict the flow properties different from the experimental 
measurements. 
Figure 4.55 shows the isolines of the measured TKE at sections 1-13 for the BUF25 case. The 
magnitude of TKE is very high particularly in the cross-over region. At section I, the 
maximum magnitude of TKE is around 5U*2 located towards the inner side of the main 
channel at y/h - 0.75 and z/h - 0.5. On to the next section, the overall magnitude of TKE 
decreases. The high TKE zone can be seen to develop near the inner side of the main 
channel at section 5, which gains magnitude and expands laterally towards the outer side 
of the main channel as the flow travels further downstream to section 7 and 9. As also 
discussed above, these characteristics quite resemble the development of horizontal shear 
layer at the bankfull level and particularly in the cross-over region, due to the shearing of 
main channel flow by the interaction between the main channel and floodplain flows. The 
maximum magnitudes of TKE at section 5, 7 and 9 are 5U*2, 12u*2 and 9ll*2 respectively. At 
section 11 and 13, the main channel and floodplain interaction is not significant as eYidence 
from the decrease in the maximum TKE magnitude to 6U*2 and 5U*2 respectively. Figure 
4.56 shows the predicted TKE for the BUF25 flow case. As with the BUF15 case, the TKE is 
under-predicted for the BUF25 case also. However, at section I, 3, 11 and 13, TKE is 
predicted reasonably well. In the cross-over region TKE is significantly under-predicted. 
The maximum TKE core of magnitude 5U*2 is observed at section 1. At next section, the 
magnitude of TKE decreases. As flow moves to section 5, the TKE core reaches the outer 
side of the main channel. The formation of the high TKE zone at section 5 as observed from 
the measured data is not reproduced at all. At section 7, the new TKE core having 
magnitude of 1.511*2 is seen near the inner side of the main channel. This core gains strength 
and size as the flow reaches to following section 9. Thus it is evident from the 
computational results presented here that the k - £ turbulence model does not predict TKE 
accurately particularly in the complex and three-dimensional regions such as cross-over. 
As shown in the Figure 4.57 for the BUF50 flow case, the overall TKE magnitude is lower 
than those for the BUF15 and BUF25 flow cases. Although the behaviour remains similar to 
those observed in all the previous flow cases. The detailed validation of the predicted TKE 
as discussed here is not investigated in any of the previous literature as far as the author 
knowledge. Thus it remains unclear of the trend of the k - E turbulence model to predict 
the TKE magnitude in the highly turbulent regions in the cross-over. 
This chapter presented the comparisons and the validation of the computational results 
\,\'ith the experimental data for the different flow cases. A particular attention is made on 
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assessing the numerical model in reproducing the important mean flow characteristics 
observed from the measurement data. The next chapter discusses further analysis of 
turbulent flow structures using the measurement data as well as the computational results. 
The important findings from this chapter are summarised in chapter 6. 
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Figure 4.3 Isolines of the measured stream wise velocity U, normalized by Us for the FCF25 ca e 
at section 1. 
Figure 4.4 Isolines of the measured lateral velocity V, normalized by Us for the FCF25 case at 
section 1. 
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Figure 4.5 Isolines of the measured vertical velocity W, normalized by Us for the FCF25 ca e at 
section 1. 
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Figure 4.6 Measured secondary flow vectors for the FCF25 case at section 1. 
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Figure 4.8 Isovels of the measured streamwise mean velocity U, normalized by Us for the FCF25 
case (Section MCl-MCll). Horizontal axis represents lateral distance y normalized by the 
channel depth h at bankfull. Vertical axis represents vertical distance z normalized by h. Us = 
Q/A is sectional-average velocity, where Q is discharge and A is the cross-sectional area at the 
bend apex. 
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Figure 4.9 Isovels of the predicted stream wise mean velocity U, normalized by Us for the FCF25 
case (Section MCI-MC11). Horizontal axis represents lateral distance y normalized by the 
channel depth h at bankfull. Vertical axis represents vertical distance z normalized by h. Us = 
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Figure 4.12 Isolines of the measured streamwise velocity U, normalized by Us for the BUF15 
case. Horizontal axis represents lateral distance y normalized by the channel depth h at 
bankfull. Vertical axis represents vertical distance z normalized by h. Us = QlA is sectional-
average velocity, where Q is discharge and A is the cross-sectional area at the bend apex (Muto 
1997). 
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Figure 4.20 Isolines of the predicted lateral velocity V, normalized by Us for the FCF50 case. 
Horizontal axis represents lateral distance y normalized by the channel depth h at bankfull. 
Vertical axis represents vertical distance z normalized by h. Us = Q/A is sectional-average 
velocity, where Q is discharge and A is the cross-sectional area at the bend apex. 
100 
Chapter 4 Results and Discussions - Mean F10\·,· Mechanism 
Section No.13 
t I.D~ '--
- -000 0.10 / j 'I' ~ -0.00 ---- D.2o ,--___ ~_ .0.00 / 
: 0.51 c -010 - -0.10 ---'}. i I v--- -0.00 / 
> 0.0 -"--._...,_-. ___ -.--1..-.L---J,.L -f.:::::::...--.-_-l 
.a.5 0.0 0.5 I 0 1.5 2.0 2 S 3.0 3.5 • 0 
Laletal OdIanco yIIl 
Section No.11 
.0.5 0.0 ().5 1.0 1.5 2-D 2.5 3.fl 3.5 4.0 
la1lltal DiaIianco yIIl 
Section No.09 
--0.150 
0.30~ 
010 0.20~ 
.a.00 -----:......:~ / 
-0.10 ~ Y 
.(l.5 0.0 0.6 1.0 1.5 2.0 2.5 3.0 3.5 4.D 
Lalelal Cl<$Uonco yIIl 
Section No.07 
.0.5 0.5 1.0 1.5 2.0 2.S 3.0 3.5 4.0 
~ o ........ ~ i I. I 0.20 ;SO:::: 0 0.30 
i! o'&j \ q~ , ___ o.~ i !lTO " ~ ~020 ~ 0.0 i \, , 0.zl, c::;: 0.'0 
4.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.6 4.0 
La ..... Oisl8l1Ce yIIl 
Section No.03 
0.20 -------Y 
0.10--J 
.(l.5 0.0 0.5 1.0 1.5 ZOO 2..5 3.0 3.5 '0 
La""'" OI!tanea yIto 
Sectlon No.Q1 
.a.S ().o 0.5 1.0 1.5 2-D 2.5 3.0 3..5 ~.o 
La .... eosIOnce yIh 
Figure 4.21 Isolines of the measured lateral velocity V, normalized by Us for the BUF15 ca e. 
Horizontal axis represents lateral distance y normalized by the channel depth h at bankfull. 
Vertical axis represents vertical distance z normalized by h. Us = Q/A is sectional-a erage 
locity, where Q is discharge and A is the cross-sectional area at the bend apex (Muto 1997). 
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Horizontal axis represents lateral distance y normalized by the channel depth h at bankfull. 
V rtical axis r presents vertical distance z normalized by h. Us = Q/A 1 ectional-av ra e 
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Figure 4.25 I olines of the predicted lateral velocity V, normalized b Us for the BUF50 ca 
Horizontal axis represents lateral distance y normalized by the channel depth h at b nkfull. 
rtical a i represent vertical distance:: normalized by h_ Us = Q/A is ectional-average vel it}', 
h r Q is di charge and A i the cross-sectional area at the bend ape . 
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Figure 4.27 Isolines of the predicted vertical velocity W, normalized by Us for the FCF50 ca e. 
Horizontal axis represents lateral distance y normalized by the channel depth h at bankfull. 
Vertical axis represents vertical distance z normalized by h. Us = Q/A is sectional-average 
velocity, where Q is discharge and A is the cross-sectional area at the bend apex. 
Figure 4.28 Isolines of the measured vertical velocity W, normalized by Us for the BUF15 ca e. 
Horizontal axis represents lateral distance y normalized by the channel depth h at bankfull. 
V rtical axis represents vertical distance z normalized by h. Us = Q/A is ectional-a ra 
v locity, where Q is discharge and A is the cross-sectional area at the bend apex (Muto 1997). 
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Figure 4.29 I olines of the predicted vertical velocity W, normalized b 1 Us f r th BUF1S ca e. 
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Figure 4.30 Isolines of the measured vertical velocity W, normalized by Us for the BUF25 ca 
Horizontal axis repre ents lateral distance y normalized b the d1annel depth h at ban~full. 
rtical a is represents vertical distance:: normalized b h. Us = Q/A i ectional-a\'era 
v 1 it, where Q i di charge and A is the eros - ectional area at the bend ape (Mut 1997). 
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Figure 4.31 I olin of th pr dieted ertieal eloeity W, normalized by Us for th BUF25 ca 
H riz ntal aIr pr ent 1 t raj di tanee y normalized by the channel d pth II at banUull 
rti 1 1 r pr nL v rtieal di tanee .: normalized b, h. Us = Q/A i. ctional-a\ ra 
v 1 it I" h r Q i di har and A i th cr ctional ar a at the b nd ap 
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Figure 4.32 Isolines of the predicted vertical velocity W, normalized b Us for the B UF50 a . 
H rizontal a is r pre ents lateral distance y normalized b the channel depth h at bankfull. 
rti 1 a i repr ent vertical distance = normalized b h. Us = Q/A i ectional-av ra e \ I it)', 
h r Q i di charg and A i the cross-sectional area at the bend apeA. 
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Chapter 5 
Three-dimensional Complex Flow 
Structures in Compound Meandering 
Channels 
5.1 Introduction 
The computational predictions, reported in chapter 4 are used here for the quantitative 
analysis of the mean and turbulent flow structures in compound meandering channels. The 
experimental data wherever available are also simultaneously used to validate the analysis 
of the computational results. It is a common approach in the literature to present and 
analyse the data in the form of isolines/contours of the flow variables on two-dimensional 
cross-sectional plane. This often needs an expert eye to visualise and understand the data 
reported. Thus, a more simplistic approach of the complex analysis is adopted in this 
thesis, which uses area-averaged variables (averaged over the main channel cross-sectional 
area) calculated at different cross-sections along the half-meander wavelength of 
compound meandering channel. This gives a concise overall picture of the flow behaviour 
over the half-meander wavelength. 
Important turbulence parameters governing the secondary flow circulations, for e.g. 
turbulence intensities (u', \' and H,'), Reynolds normal stresses (-llll' -~ and -H'H') and 
Reynolds shear stresses (-~, -1lH' and -~), are of very small magnitude as compared to 
the mean flow variables (U, V and W). A small error in the computation of these turbulence 
parameters may lead to a significant error in while calculating the appropriate first and 
second order derivatives in the stream wise \'orticity (.0,) equation. To analyse this, the 
I·H) 
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integration or area-averaged approach IS used for which the calculation errors are 
supposed to be averaged out. 
A major challenge encountered for this analysis was related to an appropriate coordinate 
system. The numerical calculations were carried out by solving the Reynolds-averaged 
Navier-Stokes (RANS) and continuity equations in the Cartesian coordinate system. The 
experimental data were measured in the streamwise flow direction. The numericalh' 
predicted mean flow variables (U, V and W etc.) were resolved to the streamwise and 
cross-streamwise (lateral or transverse) directions as explained in the previous chapter. The 
mean streamwise vorticity (Qx) and turbulent kinetic energy (TKE) budget equations are 
mainly used for the analysis here. The Boussinesq eddy viscosity approximation (Rodi 
1993) is used to calculate the Reynolds stresses appearing in the above equations. To take 
into account the meander bend or the curvilinear effect, the equations in the curvilinear 
coordinate system should be used for analysing compound meandering channel flows, 
particularly on the cross-sections along the meander bend region. This requires the Q, 
equation, TKE budget equation and even Boussinesq eddy viscosity approximation to be 
transformed to the curvilinear coordinate system. However, in compound meandering 
channels, the cross-over region is relatively significant in terms of main channel and 
floodplain interaction that causes intense turbulent mixing in this region. The cross-over 
region of the compound meandering channel is straight instead of meandering, thus the 
equations of the Cartesian coordinate system can be used to do the detailed calculations. 
Based on these facts, the detailed analysis is carried out using the equations based on the 
Cartesian coordinate system and is restricted only to the cross-over region. Time-averaged 
results from the RANS solutions are externally post-processed to calculate the first and 
second order derivatives using finite difference formulations. Central difference is 
employed for all the nodes except for the boundary nodes where forward and backward 
difference formulations are used to approximate the derivatives. Interpolations wherever 
needed are also done using the Krigging technique in Tecplot. 
5.2 Mean Vorticity Equation - Theoretical Considerations 
The comprehensive mechanisms behind the generation of secondary flo\-,' circulations 
(streamwise vorticities) can be explained by considering the stream wise component of the 
mean vorticity equation. The equation for streamwise vorticity in the Cartesian coordinate 
S~Tstem can be derived by eliminating pressure term in the RAN5 equations through the 
cross differentiation. Following, Nezu (2005), Nezu and Nakagawa (1993) and Demuren 
and Rodi (19t)-l), the streamwise vorticity equation has the follov,ing form, 
1-11 
Chapter 5 - Three-dimensional Complex Flow Structures in Compound Meandering Channels 
A3 
+ (''--a-u-n-+-a u--'A'--n-+-a-U-n---]' 
ax oX ay Y az ;: 
A4 r-_--'  ____ ____, 
+ ~;z (V2_~j (5.1) 
Where the mean vorticity components are defined as, 
(5.2) 
Demuren and Rodi (1984) and Nezu (2005) gave the comprehensive explanation of each 
term in equation 5.1. The term Al in equation 5.1 represents the advection of streamwise 
vorticity (nx) by the primary and secondary flows. 
The term A2 represents the viscous diffusion of nx • Past experimental investigations 
showed that term A2 is negligibly small except very close to the solid boundary walls 
(Demuren and Rodi 1984; Nezu, 2005). Hence, this term is usually neglected for the 
analysis of secondary flow circulations in compound straight channels. The remaining 
terms (A3, A4, AS and A6) in the nx equation are then interpreted as sources (generation of 
.Qx) or sinks (destruction of nx). 
The term A3 that is equivalent to a centrifugal force (which acts at right angle to main flow 
direction) in the curvilinear axes represents the generation of nx through vortex stretching 
and contraction. The stretching of vortex lines increases the vorticity and contracting of 
vortex lines decreases it. This is an inviscid mechanism, which may be present in laminar 
as well as turbulent flows. The generation of nx through vortex stretching is kncw.l1 as 
secondary motion of the Prandtl's first kind (Nezu 2005; Bradshaw 1987). For straight 
14~ 
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channel and uniform flow condition, term A3 vanishes as dUjdX=O (assuming the flow is 
fully developed) and (dUjdy)Q,. =-(dUjdZ)Q:. However, in case of curved or meandering 
channels, A3 term cannot be neglected even in fully developed flow conditions. Therefore, 
the secondary motions of the Prandtl's first kind are only observed in channels with cunTed 
or meandering planform, irrespective of laminar or turbulent flows. Positive A3 ideally 
.I 
means vortex stretching and vice-versa. Thus, the expansion and contraction of secondary 
,I 
flow circulations depend on (dUjdX)Q, term. If x is assumed to be along the meander, this 
term then denotes the generation of Q x due to the centrifugal action that is induced due to 
channel geometry. 
Terms A4, AS, and A6 involve the gradients of turbulent Reynolds normal and shear 
stresses and act to produce or destroy Qx. A4 represents the production of Q x by the 
anisotropy of turbulent normal stresses. AS and A6 represent the production by secondary 
and primary shear stresses respectively. Generation of Q x by gradients of turbulent stresses 
(terms A4, AS, and A6) is known as secondary motion of the Prandtl's second kind. These 
motions are present in non-circular straight ducts and channels under fully developed 
conditions, in contrast with laminar flow. Hence, these circulations are often termed as 
'turbulence' driven secondary circulations. Hence, anisotropic turbulence models have 
been advocated as indispensable to numerically capture the secondary currents of the 
Prandtl's second kind. The standard k -£ turbulence model (Launder and Spalding 1974), 
which uses Boussinesq eddy viscosity approximation (Rodi 1993) for Reynolds stresses, is 
thus not able to predict a Prandtl's second type of secondary flow circulations since it is 
based on isotropic turbulence assumption (Rodi 1993). 
Einstein and Li (1958) were the first to show that the gradients of Reynolds stresses give 
rise to the secondary motion in straight channels. Brundett and Baines (1964) concluded 
that Q x was produced by A4 and then convected by Al to regions where the Q x was 
destroyed by the viscous damping term A6. Gessner and Jones (1965) showed that the 
convection and viscous terms were both two orders of magnitude smaller than the 
turbulent stress terms (A4 and AS were found to be of the same order). They stated that the 
secondary motion is thus produced by the difference between A4 and AS terms. Later, 
Perkins (1970) found that all the terms involving stream wise gradients were negligible 
except (aUjdX)Q,. Perkins (1970) also confirmed the findings of Gessner and Jones (ll)():=j). 
[This paragraph is quoted from Demuren and Rodi 198-!] 
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Demuren and Rodi (1984) summarized the experimental findings on the generation of 
secondary motion in non-circular ducts, as follows. The turbulent stress terms A.J and AS 
are the dominant ones, being of opposite sign and much larger than adyection term .11. 
The viscous term A3 are negligible except very close to the corner. Hence the difference 
between A4 and AS is of the same order of magnitude as the advection term. The difference 
between A4 and AS terms drives the secondary motion. Thus, both terms A.J and A5 must 
be modeled accurately to predict secondary motion realistically. 
5.3 Geometry Driven Secondary flow circulations 
Not much analysis is done so far related to the Prandtl's first kind of secondary flow 
circulations in compound meandering channels. Nezu (2005) identified few issues 
concerned with the Prandtl's first kind of secondary flow circulations as a required 
research prospects in the 21st century. These circulations are significant in compound 
meandering channels due to their higher magnitude (around 20-30%) as compared to the 
Prandtl's second kind (2-3%) and they directly influence on local scour, bed forms, 
pollutant transport and erosion and deposition of channel bed material. 
5.3.1 Point of Origin of Secondary Flow Circulations 
Following the previous chapter it is known that the secondary flow circulations originate 
somewhere near the upstream of cross-over region (see Figures -1.33 to -1.39). The point of 
origin of secondary flow circulations particularly in compound meandering channel is 
different for different relative depth and channel geometry. 
The exact point of origin of secondary flow circulations in compound meandering channels 
was not investigated in the past, possibly due to the unavailability of the experimental 
measurements at several locations along the meander bend. The point of origin of 
secondary flow circulations in compound meandering channels is important, particularly 
from the engineering as well as scientific/physics point of view. A flood defence scheme 
may be designed accordingly to suppress the generation of secondary flow circulations. 
Based on the study of point of origin, the geometrical or flow parameters influencing and 
controlling the generation of secondary flow circulations can be identified. Thi~ is 
important, scientifically, to define the mechanisms behind secondary circulations. 
To study the point of origin of secondary flow circulations, the measured and predicted 
mean streamwise vorticities (Qx) were calculated using equation :1.2 and area-averagl,d 
values were plotted at different sections along the half-meander wavelength. In the 
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meander bend section, the calculations were done at the cross-sections after every :; 
degrees and the cross-over region was divided in eight cross-sections for the calculations. 
Figure 5.1(a-f) shows the plots of streamwise vorticity for the FCF25 FCF50 BUF1- BUFJ-
, , J, _J, 
BUF50 and BUFOO flow cases respectively. For the BUFOO case, only the measured ~l .. is 
plotted, as the simulations were not done for the inbank flows. The vertical axis represents 
the mean streamwise vorticity normalised by (Us/H) and the horizontal axis represents the 
distance along the meander bend normalised by the total curved channel length for the half 
-meander wavelength (Lel2). 
The behaviour, generation and decay pattern of secondary flow circulations are already 
discussed in detail in the previous chapter (see section 4.5). For the FCF25 flow case, Figure 
5.1(a) shows that at y - 0, which is the bend apex section, the Ox is positive meaning that 
the rotation of secondary flow circulation is anticlockwise. As we move downstream along 
the meander bend, the Ox decreases and ultimately it becomes zero at y - 0.096. The Ox 
then changes the rotation to clockwise and gains strength until the mid cross-over region 
and remains almost same until the end of the cross-over region. After this, it starts 
decreasing until next apex section where the strength of Ox is seen to be almost same as at 
the upstream apex section. Figure 5.1(a) is used to locate the generation point of secondary 
flow circulations in compound meandering channel. It is assumed that a secondary flow 
circulation starts generating at a point where it changes its sign from positive to negative. 
Thus for the FCF25 case the circulation starts approximately at a bend angle of 16.58 degree 
(between section 1 and section 3 of Figure 4.33), which is at a considerable distance from 
upstream of the beginning of the cross-over region. 
For the FCF50 case, Figure 5.1(b) shows similar behaviour of secondary flow circulations as 
with the FCF25 case. For the FCF50 case, the point of origin of secondary circulations is at 
the 24.36 degrees bend angle Gust upstream of section 3 in Figure 4.34) and at 0.1414 m 
distance from the apex section along the meander. Figure 5.1(c) shows the measured and 
predicted Ox for the B UF15 case. As compared to the FCF cases, the magnitude of Ox is 
higher at the bend apex section. However, the magnitude in the cross-over region is more 
or less same. The comparison of the measured and predicted values shows the 
overestimation of Ox throughout the half-meander wavelength. The overestimation in 
magnitude of Ox is also observed for the BUF25 case as seen from Figure S.1(d). A slight 
increase in the magnitude of Ox is observed for the BUF25 case as compared to the BUF1S 
case. The magnitude is even higher for the BUF50 case as seen from Figure S.l(e). Figure 
S.l(f) shows the Ox for the BUFOO case, which is the inbank flow case. The sense of rotation 
H5 
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of secondary flow circulation is opposite as compare to the overbank flow cases. The 
magnitude of Q x is very small as compared to shallow and deep overbank flows for same 
the geometry. 
The point of origin of secondary flow circulations for all the cases considered here are 
summarised in Table 5.1. For this particular geometry, the point of origin moves towards 
the cross-over region as the depth of flow increases. This fact is validated by the 
measurement data as well. It can thus be inferred that the flow depth influences the 
generation of the secondary flow circulations in compound meandering channels. 
As we have seen in chapter 4, that for the FCF25 case the measured secondary flow 
circulations show three anticlockwise circulation cells (see Figure 4.6). The single 
anticlockwise circulation cell that occupies the whole main channel cross-sectional area is 
predicted (see Figure 4.33). Thus by using the turbulence model based on the isotropic 
viscosity assumption, the secondary flow circulations of the Prandtl's second kind are not 
at all predicted. This implies that the actual point of generation of secondary flow 
circulations may be different.· In this analysis, the streamwise vorticity is averaged for the 
whole main channel area. A more refined approach to locate the point of origin of 
secondary flow circulations is required, which considers only the dominant circulation cell 
while averaging the streamwise vorticity (e.g. only the circulation cell near y/h - 1 at 
section 5 shown in Figure 4.33 should only be considered while averaging the streamwise 
vorticity at section 5). This approach was tried for the FCF25 case, however it was 
extremely difficult to judge the extent of single dominant cell (e.g. the circulation cell at 
section 7 of Figure 4.33) and the accuracy was not guaranteed. Therefore, the complete 
main channel cross-sectional area is used while averaging the streamwise vorticity. 
5.3.2 Generation Mechanisms 
According to the streamwise vorticity equation, the Prandtl's first kind of secondary flow 
circulations are generated owing to the vortex amplification due to the centrifugal effect as 
explained in section 5.2. From the analysis reported in chapter 4, it is evident that in case of 
compound meandering channel and particularly with overbank flows, the secondary flow 
circulations are generated mainly due to the floodplain flow plunging into and over the 
main channel. Thus generation mechanisms of secondary flow circulations are far more 
complex and significantly different from the vortex stretching or amplification. To 
understand the generation mechanisms behind the Prandtl's first kind of the circulation~, 
the following flow characteristics of compound meandering channels are crucial, 
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The differential velocity between the main channel and floodplain . 
The floodplain flow plunging into and over the main channel, particularly in cross-
over regton. 
• The presence of horizontal shear layer at around bankfull level in the cross-over 
regIon. 
The above flow characteristics in compound meandering channels are inter-related to each 
other due to the fact that floodplain flow is not parallel to main channel. Hence these 
factors require a particular attention for the analysis of geometry or pressure driven 
secondary flow circulations. The lateral velocity (Vj) of the floodplain flow is an order of 
magnitude smaller than the longitudinal velocity (Uj). However, the magnitude of lateral 
velocity in the main channel is considerably high at the bankfull level and particularly in 
the cross-over region (see Figures 4.17 and 4.18). This implies that the lateral component of 
floodplain velocity (Vj) is not significant in the generation of secondary flow circulations. 
For the calculation purpose, the floodplain longitudinal velocity (UJ) can be resolved along 
the main channel direction (UJ cos fl) and perpendicular to the main channel direction (Ut 
sinfl), where Bis the meander bend angle at the corresponding cross-sections. 
Due to the interaction between main channel and floodplain flows, momentum exchange 
takes place between the two. Ideally, the momentum is transferred from faster flow to 
slower flow. Figure 5.2(a-c) for the FCF25, BUF15 and BUF25 cases respectively, shows the 
main channel streamwise velocity (Umc) and the floodplain longitudinal flow velocity (U t) 
resolved along the streamwise direction (UJ cosO). The differential velocity between the 
main channel and floodplain is thus equal to (Umc - U, cosO). The velocities are area-
averaged and plotted at different cross-sections along the meander. The velocities are 
normalised by the cross-sectional mean velocity obtained at the apex section. Only the left 
floodplain region (looking from upstream end) is considered. 
Figure 5.2(a) shows that the floodplain velocity is faster than the main channel velocity 
until y - 0.2. Further downstream of y - 0.2, the main channel velocity becomes faster and 
this remains consistent until the downstream apex section. Theoretically, this implies that 
the momentum is transferred from the floodplain flow to the main channel flow until y -
0.2, and the momentum is transferred from the main channel flow to the floodplain flow 
after y _ 0.2. However, from the mean flow analysis reported in the previous chapter, it is 
evident that the in the cross-over region the momentum is transferred from the floodplain 
flow to the main channel flow due to the plunging of the floodplain flow into the main 
Chapter 5 - Three-dimensional Complex Flow Structures in Compound \1 d 0 Ch I 
- ean enng anne 5 
channel. Figure 5.2(a-c) thus does not demonstrate the plunging of the floodplain flow into 
the main channel particularly in the cross-over region. 
To demonstrate the plunging of the floodplain flow, the floodplain flow yelocity (U;) \\"a~ 
resolved perpendicular to the main channel flow direction (Uj sin 8) and compared \\-ith the 
main channel flow velocity (Umc) [see Figure 5.3(a-c)]. It can be seen that in the cross-over 
region, the lateral component of the floodplain flow velocity (Uj sin 8) is higher than the 
main channel flow velocity. The figure demonstrates the floodplain flow shearing the main 
channel flow laterally in the cross-over region, which is responsible for the generation and 
development of the secondary flow circulations. 
For conveyance estimation in compound meandering channels, researchers often assume a 
horizontal imaginary plane at the bankfull level (Ervine and Ellis 1987). This diyides the 
main channel flow in the upper and lower layers. The flow in the lower layer follows the 
streamwise direction whereas the flow direction in the upper layer depends on the relative 
depth. For the shallower flow case (Dr - 0.15 to 0.25), the main channel flow is dominant 
and hence the flow direction in the upper layer can be assumed to be streamwise whereas, 
for deeper case, flow in the upper layer is in the longitudinal direction. However, in the 
calculation above, the upper layer flow direction was assumed to be streamwist' 
irrespective of the relative depth. 
5.4 Turbulence Driven Secondary Flow Circulations 
To understand the Prandtl's second kind of secondary flow circulations in compound 
meandering channels, the mean streamwise vorticity (Qx) equation and turbulent kinetic 
energy (TKE) equation are considered. The physical meaning of different terms in the 
vorticity equation was explained in section 5.2. 
5.4.1 Turbulent Stresses - Behaviour and Magnitude Analysis 
The development of a turbulence model to predict the turbulence driven secondary flO\\O 
circulations requires the knowledge of behaviour of turbulent stresses. As described in the 
previous sections, these stresses contribute towards the generation of secondary flow 
circulations. The Reynolds normal and shear stresses also appear in turbulent kinetic 
. k d t . the Boussinesq L'ddy \'bco~it\' 
energy' equatIon. These stresses were wor e ou USing '-'
... bid I· b d Followln~~ Rodi (1 993), the 
approXlmatIon on whlCh the k - E tur u ence mo e IS ase . L' 
Boussinesq approximation is expressed as, 
_______________ -----0----
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ay ax az ax t az ~' 
It should be noted that the analysis of the Prandtl's second kind circulation is limited only 
to the cross-over region. The magnitudes of the Reynolds normal stresses and Reynolds 
shear stresses are shown in Figure 5.4(a-e) and Figure 5.5(a-e) respectively. The Reynolds 
stresses were normalised appropriately by the average shear velocity (u·2). Area-averaged 
values are reported at different cross-sections along the cross-over region. 
Figure 5.4(a) shows the magnitudes of the Reynolds normal stresses (-uu ,-~ and -ww) for 
the FCF25 case. The magnitudes of all the three normal stresses are more or less same. This 
is due to the isotropic turbulence assumption used in the Boussinesq eddy viscosity 
approximation. The magnitude increases gradually until the mid cross-over region 
attaining a maximum value of around 4u·2• Similar profiles of the normal stresses are 
observed for the FCF50 case with the maximum magnitude of around 3.5u·2• For the BUF15 
case, Figure 5.4(c) shows the comparison of the measured and predicted normal stresses. 
The magnitude of the normal stresses increases gradually for the whole cross-over region. 
The predicted -uu and -vv are underestimated whereas -ww is overestimated. The 
experimental data show that the magnitude of -uu is highest with a maximum value of 
around 8U*2 near the end of cross-over region. For the BUF25 case, Figure 5.4(d) shows that 
the measured -uu and -vv are almost same in magnitude, however the predicted -uu and 
_~ are underestimated. The overall decrease in the magnitude of the normal stresses is 
observed for the BUF25 case as compared to the BUF15 case. The magnitude decreases 
further for the BUF50 case. For this case, the normal stresses first decrease until the mid 
cross-over region and then increase. 
Figure 5.5(a-e) shows the Reynolds shear stresses (-uv, -~, and -~) for the various flow 
cases considered. The magnitudes of the Reynolds shear stresses are comparatively lower 
than the normal stresses. The magnitude of the shear stress which arises due to secondary 
flow circulations (_-;-;) is higher than those of -Ill' and -~" Gradual increase in -\'H' l~ 
observed in the cross-over region, which corresponds well with the development of 
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secondary flow circulations in the region. For the BUF15 and BUF25 cases, the measured 
and predicted -~ agree reasonably well with regard to their profiles and magnitudes as 
shown in Figures 5.5(c) and 5.5(d). However, the magnitudes of the predicted -/1\' Yary 
considerably from the measured data for both the BUF15 and BUF?5 cases Thi t ~ . s sugges s 
that the eddy viscosity model is not valid in the compound meandering channels having 
strong secondary flow circulations. For the BUF50 case, the magnitudes of the shear 
stresses are negligibly small as compared to the shallow floodplain flow depth in same the 
flume [see Figure 5.5(e)]. 
5.4.2 Generation mechanisms 
To understand the generation mechanisms of turbulence driven secondary flow 
circulations, each term of streamwise vorticity (Qx) equation (5.1) was calculated using the 
computational results. Figures 5.6(a-e) - 5.11(a-e) show the magnitudes of Al, A2, A3, A4, 
A5 and A6 of equation 5.1 for the different flow cases. 
Term Al, which represents the advection of Q x is very high in magnitude. The magnitude 
ranges are 10-20% (FCF25), 10-13% (FCF50), 10-40% (BUF15), 10-25% (BUF25) and 5-15% 
(BUF50) of (Us/H)2. 
Term A2, which represents the viscous damping of Q x is smaller than the advection term 
Al. The magnitude ranges are 2.5-6% (FCF25), 1-6% (FCF50), 2-10%(BUF15), 1-6% (BUF25), 
and 0.5-2% (BUF50) of (Us/H)2. 
Term A3 represents the generation of Q x owing to the vortex stretching and contraction. It 
is anticipated that this term plays a major role in compound meandering channels 
particularly for inbank flows. For overbank flows, since the generation of secondary flow 
circulations is not due to the centrifugal action as was shown from the previous chapter, 
the magnitude of A3 is anticipated to be small as compared to the advection term Al. As 
seen from Figure 5.8(a-e), the magnitude ranges are 0.5-2% (FCF25), 1.5-2% (FCF50), 5-150 ° 
? (BUF15), 5-15% (BUF25), and 2-6%(BUF50) of (UslHt. 
Term A4 is the production of Q x by the anisotropy of the Reynolds normal stresses 
( -uu ,_~ and -ww). In straight channels A4 is the dominant term responsible for the 
. .. f b k t· ~ / f this chapter) In generation of the secondary Clrculations (please re er ac to sec IOn J._ 0 . 
) h ·tud f A4 is vcr\, small ac.; our calculations, as seen from Figure 5.9(a-e, t e magru eo. 
compared to the advection term Al. The magnitude ranges are 0.5-1°·;, (FCF2.1), 0.1-0.Yi'Yo 
l~O 
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(FCFSO), 0.2-0.6% (BUF1S), 0.1-0.35% (BUF2S) and 0.15-0.35% (BUFSO) of (UsfH):? The A.J 
magnitude is around one order of magnitude smaller than the advection term Al. 
AS and A6 represent the production of Q x by secondary (-~) and primary shear stresses 
(-uv and -uw) respectively. The magnitude ranges of AS are 2.5-6.5°;0 (FCF25), 1-5% 
(FCFSO), 5-30% (BUF1S), 12.5-20% (BUF2S) and 5-17.5% (BUFSO) of (UsfH)2. For all the flow 
cases considered for this analysis, the magnitude of A6, which involves gradients of 
primary shear stresses, is negligibly small relative to all the other terms in the vorticity 
equation. The magnitude ranges are between 0.01-0.2% of (Us/H)2. This is shown in Fio-ure 
b 
5.11(a-e). From this observation, it can be inferred that the primary shear stresses (-u\' and 
-uw) do not contribute significantly towards the generation of secondary circulations in 
compound meandering channels, as is the case for straight channels. An important 
conclusion can thus be drawn from this observation that the turbulence driven circulations 
in compound meandering channels are generated due to the gradients of secondary shear 
stress ( -vw ) rather than the anisotropy in the normal stresses. This can further be validated 
from the fact that -vw contributes significantly towards the turbulence production as 
compared to the other Reynolds stresses (This is shown in following section). 
From the previous research conducted on straight channels, it is established that the 
magnitude of A4 and AS are of the same order of magnitude but with opposite sign. Nezu 
(2005) stated that A4 thus acts to generate the secondary flow circulations and AS 
suppresses them. As seen from the comparison of different terms, the secondary flow 
generation mechanisms in compound meandering channels are different from the straight 
channels. 
The magnitude of A3 was found to be small for the FCF cases, which is the large-scale 
flume. However, for the BUF flow cases, A3 was found to be significant with magnitude as 
much as 15% of (Us/H)2. This is due to the fact that the cross-over region is located at a very 
short distance along the meander. For the FCF geometry this distance is sufficiently long as 
compared to the BUF geometry. As seen from the previous chapter that for the FCF and 
BUF cases there is no significant difference in the profiles and magnitudes of mean 
velocities. However, there is difference in geometry due to which the gradients of mean 
velocities are large in magnitude for the BUF cases as compared to the FCF case. Due to thi~ 
fact, A3 is higher for the BUF case as compared to the FCF case. For the deeper ca~l' the 
magnitude of A3 is lower than for the shallow flow depth cases of BUF1S and BUF2S. 
151 
Chapter 5 - Three-dimensional Complex Flow Structures in Compound Meandering Channels 
The most interesting aspect of this analysis is that the advection term Al was found to be 
the most dominant in terms of their magnitude. This is primarily due to the fact that 
secondary flow circulations of the Prandtl's first kind are also present in the compound 
meandering channels, which are not fully represented by term A3, due to their different 
generation mechanism. The fact that the magnitude of AS was found to be higher than that 
of A3 suggest that the dominant mechanism behind secondary flow circulation is the 
interaction between -vw and mean velocity gradients and not the centrifugal effect or 
vortex stretching/contraction. The generation of Ox by vortex amplification/contraction is 
however true for compound meandering channels with inbank flows in which the 
Prandtl's first kind are generated mostly due to the centrifugal effect. Given the fact that 
the cross-section considered for this analysis is open and not closed, the mechanism of 
floodplain flow plunging into the main channel is not accounted for in the mean 
streamwise vorticity equation. 
5.4.3 Turbulence Kinetic Energy Budget 
The turbulent kinetic energy (TKE) equation can be expressed in the tensorial notation as, 
T3 
T6 T2 A T4 Tl , , ~ ~ ~ T5 r"'"""'-I 
ak u. ak -~[Ui( Upj +E)] -au. ~ du. au. (5..1) + - -u.u.--' -f3g;u/P -v I I 
at I ax; ax; 2 p I J a dX j aXj x. J 
Tl and T2 are the temporal and advective change due to the mean motion. T3 represents 
the diffusive transport due to velocity and pressure fluctuations. T4 is the rate of 
production of TKE due to the interaction of the Reynolds stresses and the mean velocity 
gradients. The turbulent eddies interact with the mean flow thereby normally extracting 
TKE from the mean flow and feeding it into the turbulent motion. Positive T4 means the 
transfer of TKE from the mean flow to the turbulence. Negative T4 means that the stresses 
withdraw TKE more than its production (Shiono and Muto 1998). TS denotes the 
production or destruction of turbulence owing to buoyancy forces due to density yariations 
that is particularly significant in stratified flows. T6 is the rate of viscous dissipation of 
TKE. 
ul . d d nl' if there are non-zen) According to term T4 in equation 5.4, turb ence IS pro uce 0 y 
.. 1998) E . of T4 appearin(> in Equation gradients of mean velOCIty (Shiono and Muto . xpanslOn Q 
5.4 leads to the following equation, 
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T4= 
P3 
~ 
-2 aW 
-w --
aZ 
~ ____ P: P5 
~-(au av]' , -(au'---aw-)' UV --+- -Uw -+ __ ()y aX a~ ax 
P6 
,-------'''-----.. ~vw(av + aw]' 
aZ ~, 
Total turbulence kinetic energy production (TP) by turbulent nonnal and shear stresses 
(5.5) 
The companson of the magnitude of different terms of equation 5.5 is significantly 
important for understanding the mechanisms behind the generation of turbulence in 
compound meandering channels. Each term of equation 5.5 is computed using 
computational results and plotted at nine different sections along the cross-over region. 
The turbulence production terms are normalised by (U*3/H). 
5.4.3.1 Turbulence production - Reynolds normal stresses 
Figure 5.12(a-e) shows the magnitude of TKE production by the Reynolds normal stresses 
for the FCF25, FCF50, BUF15, BUF25 and BUF50 cases respectively. 
For the FCF25 case, Figure 5.12(a) shows that the magnitude of Pl is negligibly small as 
compared to P2 and P3, and is negative for the most of the cross-over region. A negative 
value implies that -uu acts towards destroying the turbulence by extracting more TKE than 
its production. The contribution of -ww towards turbulence production is significant as 
compared to -uu and-vv . The average maximum magnitudes of P2 and P3 in cross-over 
region are around lu*3/H and 4U*3/H respectively. 
More or less similar observations are made for the FCF50 case from Figure 5.12(b). Pl and 
P2 are small in magnitude and negative value of P2 is observed across the mid cross-over 
region. For the first half of the cross-over region, the magnitude of P3 is higher than that in 
the FCF25 case. The magnitude of P3 is around 6u"3/H at the start of the cross-over region 
and decreases gradually until y - 0.8, after which it starts increasing again. 
As shown in Figure 5.12(c) for the BUF15 case, which is the shallow overbank flow case, the 
magnitude of P3 is slightly lower than those of the FCF25 and FCF50 cases. Negative values 
of P2 are observed across the whole cross-over region. Except the magnitude of P3, the 
turbulence production trend for this case is very much similar to the FCF25 and FCF50 
cases. 
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Figure 5.12(d) shows a very similar profile and magnitude of P3 as the BUF1- 'L f 
oJ case .. ~ or 
all the other cases mentioned above, the magnitudes of Pl and P2 are small. Despite the 
secondary flow circulations growing in the cross-over region, the turbulence production 
shows a consistently increasing and decreasing trend. This implies the presence of a non-
equilibrium condition of the turbulence structure in the cross-over region. 
Figure 5.12(e) is for the BUF50 case, which is the deep overbank flow case in the small-scale 
flume. This case is entirely different from the other cases with regard to the magnitudes of 
the turbulence production. The magnitude of Pl is small as compared to the other terms. 
The transverse normal stress for this case becomes as much dominant as the vertical 
normal stress for the turbulence production. However, the overall magnitude of P2 and P3 
is very much lower than the BUF15 and BUF25 cases and even the FCF cases. 
Section summary 
Among -uu ,-vv and -ww stresses, -ww was found to be the most significant contribution 
towards the turbulence production in the cross-over region. The turbulence production rate 
is lower for the deeper overbank flows as compared to the shallower one. For the small-
scale flume with the deeper floodplain flow depth, -~ becomes a comparatively 
significant contribution towards the TKE production. 
5.4.3.2 Turbulence production - Reynolds shear stresses 
Figure 5.13(a-e) shows the turbulence production by -Ul', -uw and -vw stresses. Figure 
5.13(a) shows that the Reynolds shear stresses significantly contribute towards the 
turbulence production as compared to the Reynolds normal stresses. The magnitude of P4, 
which is the contribution of -uv to the turbulence production, is nearly the same as that of 
-ww. P5 and P6 are particularly very large in magnitude as compared to any other 
turbulence production terms. At the starting of the cross-over region, the turbulence 
productions due to -uw and -vw are nearly equal. As we move further downstream along 
the cross-over region, the magnitude of P5 consistently increases until the end of the cross-
over region. However, the magnitude of P6 increases until the mid cross-over region and 
then starts decreasing gradually. The maximum magnitude of P6 is around 32u'3/H (eight 
times the contribution of the vertical normal stress) near the mid cross-o\'er region, after 
which the magnitude starts gradually decreasing. 
Figure 5.13(b) shows the turbulence production by the Reynolds shear stre~~l'~ for the 
FCF50 case. P5 and P6 are generally small as compared to those for the FCF25 ft1r the fir~t 
Chapter 5 - Three-dimensional Complex Flow Structures in Compound Md' Chann I ean ermg e 5 
half of the cross-over region. However, after the mid cross-over region, the magnitudes of 
P5 and P6 are higher than the FCF25 case. P4 and P5 gradually increase from the start of 
the cross-over region until the end. 
Figure 5.13(c-e) shows that the turbulence production by the Reynolds shear stresses in the 
small-scale flume (BUF) is small in magnitude as compared to the FCF case. P4 (-ul') is 
small as compared to the P5 (-uw) and P6 (-~) terms in all the cases. For the B UF15 and 
BUF25 cases, the contribution of -uw is higher than the contribution of -~ for some initial 
stretch of the cross-over region. The undulating pattern of the turbulence production is 
observed for the BUFl5 case, which suggests the presence of a non-equilibrium condition 
of the turbulence. The turbulence production in the BUF50 case is very small as compared 
to all the other cases. The trend however remains similar. The maximum magnitude of P6, 
which is the contribution of the secondary shear stress towards the turbulence production, 
is 6U*3jH at the end of the cross-over region. Comparison of Figure 5.12(e) and 5.13(e) 
suggests that the turbulence productions by the normal and shear stresses are comparable 
in magnitude. Shiono and Muto (1998) made a similar observation in a small-scale flume 
with a rectangular main channel cross-section. They found the contribution of the normal 
and shear stresses to be nearly equal for deep floodplain flow depth. 
Figure 5.14 shows the total turbulence production by the Reynolds stresses for the various 
different cases. For the FCF case, the total turbulence production is found to be higher until 
y - 0.6 for the FCF25 case than the FCF50 case and beyond this, it reverses. A similar trend 
in the turbulence production is observed for the BUF15 and BUF25 cases. The total 
turbulence production for the BUF50 is very small as compared to the other flow depth 
cases for the same flume geometry. 
Section summary 
The Reynolds shear stresses (-uv, -uw and -vw) were found to be significant for the 
turbulence production in compound meandering channels. Among the shear stresses 
art· I I· rt t - d - stresses whereas the contribution of -It\' stress is p 1CU ar y 1mpo an are -uw an -vw , 
very small. For the geometries considered here, the turbulence production rate is higher for 
the shallow floodplain flow depth. This is true at least for the first half of the cros~-o\'er 
. h b I oduction rate is higher for 
region. In the later half of the cross-over regIOn, t e tur u ence pr 
I · d th of flow the total turbulence the deeper floodplain flow depth. At the same re ahve ep , 
. hi h d to the small-..;cale flume. The production for the large-scale flume IS very g as compare -
. d··· h the scale of the compound 
aspect ratio of the main channel IS used to 1stingu1s ~ 
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meandering channel model. From the above discussion it is evident that for a particular 
relative depth of flow, the turbulence production mechanism is very much dependent on 
the aspect ratio of the main channel. 
5.4.3.3 Turbulence production and dissipation rates 
Turbulent flows are always dissipative due to fluid viscosity. Viscous shear stresses 
perform deformation work on fluid element, which increases the internal energy of the 
fluid at the expense of TKE (Tennekes and Lumley 1972). For turbulence to be sustained, 
continuous supply of energy is required from the mean flow. Figure 5.15(a-e) shows the 
comparison of the rate of the total TKE production due to the Reynolds stresses and the 
rate of its dissipation by viscous stresses. For all the cases, the turbulence production and 
its dissipation rates are not equal though they are of the same order of magnitude. It can be 
seen that the turbulence production rate is very large as compared to its dissipation rate. 
This implies that there is a continuous supply of TKE from the mean flow to the turbulence. 
The cross-over region is associated with intense mixing and turbulence due to the 
floodplain flow plunging into and over the main channel. This induces a horizontal shear 
layer at the bankfull level in the cross-over region which extracts mean flow kinetic energy 
more than what is actually dissipated due to the viscous stresses. This implies that the 
turbulence is eventually advected by the mean flow from one point to another with the 
magnitude governed by the difference of production and its dissipation. 
5.5 Strength of Secondary Flow Circulations 
While, analysing the secondary flow structures associated with compound meandering 
channels, the following energy estimates are available at different sections along the 
meander. 
• 
• 
• 
• 
Total mean kinetic energy (TME) per unit mass = (l.J2+ VZ+W2)/2 
Secondary flow energy (SFE) per unit mass = (VZ+W2)/2 
. ('2 I, '2)/2 Total turbulent kinetic energy (TKE) per urnt mass = U +1' -+W 
Turbulent kinetic energy produced due to the interaction of Reynolds stresses and 
mean flow (refer to the section on turbulence production). 
Following Shukry (1949) the strength (Sr) of secondary flow circulations is defined a" the 
h al kinetic energy of the flow. Fibure percentage of secondary flow energy to t e tot mean . 
. I' f th Fer-"S FCF=)O RllF1~, 5.l6(a-e) shows the strength of secondary flow Clrcu ations or e - , - I 
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BUF25, BUF50 and BUFOO flow cases respectively, plotted at different cross-sections along 
the half-meander wavelength. 
Figure 5.16(a) shows that the strength is higher for the deeper flow case than the shallow 
flow. The maximum strength is around 25% and 55% of the mean kinetic energy for the 
FCF25 and FCF50 case respectively. From the mean flow analysis in the previous chapter 
we know that the bend apex is the weakest section in terms of the main channel and 
floodplain interaction. The strength of secondary flow circulations is higher in the region 
that is highly turbulent. Therefore the strength is the lowest at the apex section for both the 
cases. The strength then increases until the start of the cross-over region. It can be seen that 
the increase in strength after the apex section is gradual until the y - 0.175, which is the 30-
degree meander bend. Thereafter, the increase in strength is at much faster rate, which 
indicates the gain in strength due to the floodplain flow plunging into the main channel. In 
the cross-over region, the strength remains more or less equal. As the flow leaves the cross-
over region, the strength decreases and attains the value at the downstream apex section 
similar to that at the upstream apex section. 
Figure 5.16(b) shows the measured and predicted strengths of secondary flow circulations 
for the BUF15 flow case. The Figure shows that the strength is underestimated in the 
meander bend region and over estimated in the cross-over region. The measurement data 
shows that as flow enter the cross-over region, the strength decreases until its mid region, 
after which it increases again. The maximum strength is around 15-20% of the mean flow 
kinetic energy. 
Figure 5.16(c) shows the predicted and measured strengths for the BUF25 case. The 
maximum strength is around 25% of the mean kinetic energy for BUF25 and 550,0 for 
BUF50, which implies that for this geometry, the strength of secondary flow circulations 
increases with the flow depth. For the BUF25 case, the strength is under-estimated 
throughout the meander bend except for the downstream bend region. 
Figure 5.16(e) shows the strength variation for the inbank flow case i.e., BUFOO. The overall 
strength for the inbank flow is very low as compared to the overbank flowt'o In the 
. . t h f ter rate in the inbank flow~ a<; upstream bend section, the strength mcreases a a muc as 
compared to the overbank flows. As flow reaches the cross-over region, the strength falb 
rapidly, which is due to the fact that the cross-over is a straight reach, and the ~('condary 
flow circulations for the inbank flow is mainly generated due to the centrifu~al effect. ;\fter 
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the mid cross-over region the strength shows increasing and decreasing pattern, and 
ultimately attaining the same strength at the downstream apex as the upstream apex. 
Figure 5.17(a-e) compares the contributions of secondary flow circulations and Reynolds 
stresses towards mean flow energy expenses. The contribution of secondary flow 
circulations towards mean flow energy expenses is the ratio of secondary flow enerl~\" to 
- 0_ 
total mean flow energy, also called as the strength of secondary flow circulations 
(represented as 'I' in Figure 5.17). The ratio of turbulent kinetic energy (TKE) produced due 
to the interaction between the Reynolds stresses and mean flow, to the total mean kinetic 
energy of the flow represents the contributions of Reynolds stresses towards mean flow 
energy expenses (represented as 'II' in Figure 5.17). 
Figure 5.17(a) shows that for the FCF25 case the magnitudes of I and II are around 25('10 and 
5-10% respectively. For the FCF50 case, the magnitudes vary at around 50% and 10% for I 
and il, respectively. The important observations can be made from Figure 5.17(c) for the 
BUF15 case, which shows that the magnitudes of I and II are nearly equal. It can thus be 
inferred that for the shallower overbank case, the Reynolds stresses are as important as 
secondary flow circulations in contributing towards mean flow energy expenses. For the 
BUF25 and BUF50 cases, a similar behaviour of I and II are seen as in the FCF25 and FCF50 
cases. 
'The important findings from current and previous chapters are comprehensively 
summarised in the next chapter. Few shortcomings of this thesis are listed as 
recommendation for future research. 
____________________ ------------------------------~lS~ 
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Table 5.1 Approximate locations of generation of secondary flow circulations in compound 
meandering channels for different geometry and relative depths. Distance (m) means the 
distance from the bend apex section along the meander. Angle (degrees) implies the angle of 
bend with respect to vertical at which the generation of secondary circulations starts. 
Data Predicted 
Case name 
Angle (degrees) Distance (m) Angle (degrees) Distance (m) 
FCF25 -------- -------- 16.58 0.0096 
FCF50 --------- --------- 24.36 0.1-11--1 
BUF15 17.44 0.1021 32.--13 0.1898 
BUF25 21.60 0.1265 46.65 0.2731 
BUF50 --------- --------- 51.43 0.3011 
I 
! 
1 
! 
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Figure 5.l(a-f) Mean streamwise vorticity for different flow cases calculated numerically. 
Vertical axis represents streamwise vorticity normalised b\' (Us/H). Horizontal a,is reprL'sL'nt~ 
distance along the meander, normalised by curved channel length for half-meander \\'l\l'length 
(Lc/2). (a-f) represents the FCF~S, FCFSO, BUF15, BUF~S, BUFSO and BUFOO (,l"l'S. 
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Figure 5.2(a-c) Comparisons of main channel velocity (Ume) and floodplain \'docity rL'~l)I\L'd 
along the streamwise direction (Ut cosfJ) for the FeF:!.5, BUF1S and BUF:!..::; Cd~l'~ respecti\"l'l~·. 
plotted along the half-meander wavelength. e - meander bend angle at corresponding CrL)-'-'-
sections. The velocities are normalised by sectional-averaged velocity (U~) at the <1PL" ~L'ction. 
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Figure 5.3(a-c) Comparisons of main channel flow velocity (UIIlJ and floodplain \Oelocity 
resolved perpendicular to the streamwise direction (UrsinB) for the FCF~5, BunS and BUF~S 
cases respectively, plotted along the half-meander wavelength. 8 - meander bend angle at 
corresponding cross-section. The velocities are normalised by sectional-an'raged velocity (U~) 
at the apex section. 
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Figure 5.5(a-e) Comparisons of the Reynolds shear stresses for the FCF25, FCF50, BUF15, BUF25 
and BUF50 cases respectively. Comparisons are reported only at cross-over region. Vertical axis 
represents normal stresses normalised by (u·2). Horizontal axis represents distance along cross-
over, normalised by total length of cross-over (LcD). 
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Figure 5.6(a-e) Comparisons of the advection term Al appearing in the streamwise vorticity 
equation (5.1) for the FCF25, FCF50, BUF15, BUF25 and BUF50 cases respectively. Vertical axis 
represents A1 normalised by (Us/H)2. Horizontal axis represents distance along cross-over, 
normalised by total length of cross-over (Lco). 
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Figure 5.7(a-e) Comparisons of the viscous diffusion term A2 appearing in the streamwise 
vorticity equation (5.1) for the FCF25, FCF50, BUF15, BUF25 and BUF50 cases respectively. 
Vertical axis represents A3 normalised by (Us/H)2. Horizontal axis represents distance along 
cross-over, normalised by total length of cross-over (Lco). 
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Figure 5.8(a-e) Comparisons of the term A3, which represent vortex stretching, appearing in 
streamwise vorticity equation (5.1) for the FCF25, FCF50, BUF15, BUF25 and BUF50 cases 
respectively. Vertical axis represents A3 normalised by (Us/H)2. Horizontal axis represents 
distance along cross-over, normalised by total length of cross-over (Lco). 
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Figure 5.9(a-e) Comparisons of the term A4, which represents the vorticity production by 
anisotropy of normal stresses, appearing in streamwise vorticity equation (5.1) for the FCF25, 
FCF50, BUF15, BUF25 and BUF50 cases respectively. Vertical axis represents A4 normalised by 
(U2/H2). Horizontal axis represents distance along cross-over, normalised by total length of 
cross-over (Leo). 
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Figure 5.10(a-e) Comparisons of the term AS, which represent the vorticity production by 
secondary shear stress, appearing in streamwise vorticity equation (5.1) for the FCF2S, FCF50, 
BUF1S, BUF2S and BUF50 cases respectively. Vertical axis represents AS normalised by (Us/H)2. 
Horizontal axis represents distance along cross-over, normalised by length of cross-over (Lco). 
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Figure 5.11(a-e) Comparisons of the term A6, which represent the vorticity production by 
primary shear stresses, appearing in streamwise vorticity equation (5.1) for the FCF2S, FCFSO, 
BUF15, BUF25 and BUF50 cases respectively. Vertical axis represents A6 normalised by (Us/H)2. 
Horizontal axis represents distance along cross-over, normalised by total length of cross-over 
(Lco). 
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Figure 5.12(a-e) Comparisons of the turbulent kinetic energy productions by the Reynolds 
normal stresses (Pl, P2 and P3 - Refer to equation 5.5) for the FCF2S, FCFSO, BUF1S, BUF:!5 and 
BUFSO cases respectively. Vertical axis represents turbulent kinetic energy production 
normalised by (u*3/H). Horizontal axis represents distance along cross-over, normalised by total 
length of cross-over (Lco). 
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Figure 5.13(a-e) Comparisons of the turbulent kinetic energy productions by the Reynolds shear 
stresses (P4, PS and P6 - Refer to equation 5.5) for the FCF2S, FCFSO, BUF1S, BUF2S and BUFSO 
cases respectively. Vertical axis represents turbulent kinetic energy production normalised by 
(U*3/H). Horizontal axis represents distance along cross-over, normalised by total length of 
cross-over (Lco). 
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stresses (T4 - Refer to equation 5.4). Vertical axis represents turbulent kinetic energy production 
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Figure 5.15(a-e) Comparisons of the total turbulent kinetic energy productions by the Reynolds 
stresses (T4 - Refer to equation 5.4) and viscous dissipation for the FCF25, FCF5(), BUF1S, BUF2S 
and BUFSO cases respectively. Vertical axes represent turbulent kinetic energy production and 
dissipation, normalised by (1l*3/H). Horizontal axes represent distance along cross-over, 
normalised by total length of cross-over (tl'). (TP - Total turbulence production by Reynolds 
stresses) 
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Figure 5.17(a-e) Comparisons of the contributions of secondary flow circulations (1) and 
Reynolds stresses (II) towards mean flow energy expenses, for the FCF25, FCF50, BUF15, BUF25 
and, BUF50 cases respectively, along the cross-over region. 'I' is equal to the ratio of secondary 
flow energy to the total mean flow kinetic energy. 'II' is equal to the ratio of production of 
turbulent kinetic energy by Reynolds stresses to the total mean flow kinetic energy. Vertical axis 
represents secondary flow energy as a percentage of total mean flow energy. Horizontal axis 
represents distance along the cross-over region, normalised by total cross-over length (Lo). 
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Chapter 6 
Conclusions and Future Research 
Prospects 
The computational investigations were carried out to understand the mean flow 
mechanisms and the turbulent secondary flow structures in the compound meandering 
channels. The experimental data collected at the large-scale Flood Channel Facility (Knight 
et al. 1992; Ervine et al. 1993; Sellin et al. 1993) and the small-scale meandering channel 
model (Shiono and Muto 1993; 1998; Muto 1997) were revisited for the further detailed 
analysis. New sets of the data in the form of computational predictions are presented for 
the large-scale and small-scale model of the compound meandering channel with \'arious 
relative depths (Dr). The important observations, findings and the original contributions 
from this research are summarised below. 
The mean flow velocities (U, V and W), free surface elevations (5) and bed shear stfesses 
(Til) were predicted reasonably well for all the flow cases. The measured and the predicted 
primary and secondary flows and turbulent kinetic energies (TKE) confirms the \'igowus 
interaction between the main channel and the floodplain, particularly in the CWSS-l)\'l'f 
region. The standard k - E turbulence model (Launder and Spalding 197-1) was uSl'd, 
which uses the Boussinesq eddy viscosity approximation (Rodi 1993) to calculate the 
Reynolds normal and shear stresses. Due to this, the turbulence driven l)f the Prandtl'~ 
second kind of secondary flow circulations were not predicted at all. The t=,l'neration, 
growth and decay patterns of the predicted secondary flow circulations (or rather, the 
geometry driven or the Prandtl's first kind of secondary flo\-\' circulatil)ns only) \\"L'fl' 
observed to be Yen' much similar for all the flo",; cases. The standard k - i' turbulence 
model consistentl~' under-predicts the TKE for all the flow cases and particlilarl~' in the 
Chapter 6 Conclusions and Future Research Prospects 
highly turbulent and interactive cross-over region. The predicted TKE agrees relativeh' 
better at the sections in the meander bend regions where the main channel/floodpl~ 
interaction is not relatively that significant. Despite of the under-prediction of the TKE, the 
mean flow velocities (U, V and W), free surface elevations (5) and bed shear stresses (T
b
) 
were predicted reasonably well. This implies that the turbulent stress terms in the 
momentum equations are less dominant as compared to the advection terms, particularly 
for the predictions of the mean flows. 
The three-dimensional numerical model reasonably well predicted the important flow 
features associated with the compound meandering channels. The shearing of the main 
channel flow by the floodplain flow plunging into and over the main channel is obsen'ed 
from the cross-sectional distributions of the U, V, TKE and secondary flow vectors. The 
large gradients of U and V at the inner bankfull level particularly in the cross-over region 
indicates of this shear interaction between the main channel and floodplain flows. Due to 
the shearing of the main channel flow, the velocity below the bankfull level (lower layer 
flow) is higher than the velocity of flow above the bankfull level (upper layer flow). This 
differential velocity between the upper and lower layer flows generates the horizontal 
shear layer at the bankfull level, which is particularly significant in the cross-over region. 
The fundamental difference in the mean flow mechanisms in compound straight and 
meandering channels is explained in this thesis. In case of compound straight channels, the 
shear at the main channel/floodplain interface is generated due to the differential velocity 
between the main channel and floodplain. However, for the compound meandering 
channels, the shear at the bankfull level is generated due to the differential velocitv 
between the upper and lower layer flows. 
Contrary to the compound straight channels, the main channel and floodplain flows are 
not parallel to each other in the case of compound meandering channels. This is the basic 
reason behind the interaction between the two. The flow in the main channel follows the 
streamwise direction, whereas the floodplain flow follows the valley direction. To clearly 
demonstrate the important plunging characteristics, the floodplain primary flow velocity 
(U/) was resolved along the streamwise and perpendicular to the streamwise directions, It 
was observed that the floodplain primary flow velocity (Ur) resolved perpendicular to the 
streamwise direction was higher than the main channel flow velocity particularly in the 
. . . . 'fi tl ' 'nfluenced hy the shear interaction cross-over regIon. The cross-over region IS Slgru can ! 1 , 
between the main channel and floodplain flows. Thus it is concluded that the cn)~~-
. . . . fl . (U- ' 8. 'here 8 i..; the meandl'r bl~nd 
streamWlse component of floodplain pnmary 0\-\ l 5111 ,\\ ' 
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angle) causes the plunging phenomenon. This can alternatively and ideally be 
demonstrated by observing the angle of the floodplain flows with respect to the main 
channel. Such calculations were attempted and were found to be unable to demonstrate 
this phenomenon. 
The measured and secondary flow circulations were compared for the different flow cases. 
Given the fact that only the Prandtl's first kind of secondary flow circulations were 
predicted, the secondary flow vectors for all the cases showed a very similar pattern. It was 
observed that the new secondary flow circulation cell starts developing at the inner 
bankfull level somewhere just upstream of the start of the cross-over region. This is quite 
well established fact in the literature. However, since an array of flows with \'arious Dr was 
studied in this thesis, it was observed that the generation location differs for all the flow 
cases. To investigate this further, the streamwise vorticity (Ox) was calculated and plotted 
at the numerous different sections along the meander. There exists a certain relationship 
between the point of generation and the relative depth of the flow. The measured and 
predicted streamwise vorticity showed that for the channel geometries studied in this 
thesis, the point of origin of secondary flow circulations moves downstream towards the 
cross-over region as the relative depth increases. 
To further understand the secondary flow structures, the mean streamwise vorticity (f2,.,.) 
equation was considered. The measured and predicted flow data were used to investigate 
the significance of each different terms of the Ox equation. According to the Ox equation, 
the vorticities are generated owing to the centrifugal effect and due to the interaction 
between the Reynolds stresses and the mean velocity gradients. From the literature it is 
evident that the secondary flow circulations for inbank flows are generated due to 
centrifugal effect. However, as discussed above, this is not particularly true for the 
overbank flows where the circulations are generated due to the shearing of the main 
channel flow owing to the interaction between the main channel and the floodplain. This 
shearing phenomenon cannot be represented by any of the terms in the vorticity equation. 
Apart from this the cross-sections considered for the analysis were open and not closed. 
Due to this fact it is anticipated that the Ox equation is not balanced. The advection term 
was found to be the most dominant that implies that the vorticity generated is not 
dissipated fully but is advected downstream by the mean and secondary flo\\"s, The 
- - - ) d' h ar stresses ( ~ and -/H\') were Reynolds normal stresses ( -uu, -IT, -WH' an pnmary s e - ~ - I 
found to be insignificant towards the generation of the secondary flow circulations. The 
- d b t 'b f g significantly towards the 
secondary shear stress (-I'H') term was foun to e con n u in . 
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generation of the vorticity. This is contrary to the compound str""~~ht h I h 
u.lo c anne case were 
the Reynolds normal stress term is important as reported by numerous researchers. The 
term representing vortex stretching was found to be high for the small-scale flume as 
compared to the large-scale. 
The Reynolds normal (-uu, -vv , -ww) and shear stresses (-uv, -uw and _~.) were 
calculated using the Boussinesq eddy viscosity approximation (Rodi 1993). Thus, this 
analysis actually concentrates on isotropic turbulence. The magnitudes of Reynolds shear 
stresses were found to be lower than the normal stresses. The magnitude of -\'W was found 
to be higher than the remaining shear stresses, -uv and -uw. The turbulent kinetic energy 
equation was considered to understand the energy expenses due to turbulence. The 
individual terms representing the contributions of the Reynolds normal and shear stresses 
towards the turbulence productions were worked using the computational results. Among 
the Reynolds normal stresses, the vertical normal stress (-ww) contributes significantly 
towards the turbulence production. The rate of turbulence production by the Reynolds 
normal stresses was higher for shallow relative depth than for the deeper case. The 
Reynolds shear stresses were found to be significant for the turbulence productions, 
particularly by the secondary shear stress (-vw). For the same relative depth, the 
turbulence production was higher for the large-scale flume than for the small-scale flume. 
This implies that the turbulence production depends very much on the model scale and 
hence on the aspect ratio of the channel as the aspect ratio is the geometrical parameter that 
differentiates the model scale. The rate of turbulence production was found to be higher 
than its viscous dissipation rate. This means that in the cross-over region the turbulence 
once created is not dissipated fully but is advected downstream by the mean flow. 
The measured and predicted flow variables were used to calculate the strengths of 
secondary flow circulations. The overall strength of secondary flow circulations increases 
with the increase in the relative depth of flow. For the inbank flow cases the strength is 
negligibly small as compared to the overbank flow case. Along the half-meander 
wavelength, the strength is the lowest at the non-interacting apex section and it increases as 
the flow moves from the apex to the cross-over region. The strength remains same in the 
cross-over region and it starts decreasing as the flow travels further dov,nstream toward~ 
. h 4 ~O' for inbank flows 15 - 10'/0 for next apex section. The maxImum strengt ranges are - J 10 ", 
the shallow relative depths (Dr - 0.15 to 0.25) and upto 40 - bono for higher relati\'l' depths 
(Dr - 0.50). 
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A new approach was used to understand the mean flow energy expenses due to secondary 
flow circulations and turbulent Reynolds stresses. The ratio of the secondary flow energy to 
the total mean flow kinetic energy represents the mean flow energy expenses due to 
secondary flow circulations also defined as the strength of secondary flow circulations. The 
ratio of rate of production of turbulent kinetic energy due to the Reynolds stresses to the 
total mean flow kinetic energy, gives an understanding on the mean flow energy extracted 
due to the interactions of Reynolds stresses and mean flow. It was observed that for the 
shallower overbank case, the Reynolds stresses (or turbulence) are as important as 
secondary flow circulations in contributing towards mean flow energy expenses. As 
relative depth increases the secondary flow circulations contributes significantly higher 
than the Reynolds stresses towards the mean flow energy expenses. 
The above are the main conclusions of this research, which altogether leads towards the 
better understanding of the mean flow mechanisms and turbulent flow structures in 
compound meandering channels. The following obvious shortcomings of this research 
constitute the future research prospects as listed below, 
• The Q x and TKE budget equations were considered only in the cross-over region. 
• 
Using these equations in the meander bend requires transforming the equations to 
the curvilinear coordinate system. These equations in the curvilinear coordinate 
system can be used to investigate the flow in the meander bend region in the 
similar way as presented in the thesis and to present the turbulent flow structures 
along the half-meander wavelength. 
The standard k - £ turbulence model, capable of predicting only the isotropic 
turbulence, was used in this thesis. The capability of higher order turbulence 
models [e.g. non-linear k -£ model (Speziale 1987), algebraic stress models 
(Launder and Ying 1973; Naot and Rodi 1982), Reynolds stress models and Large 
eddy simulations (Lesieur et al. 2005)] to predict the secondary flow structures 
should be investigated against the detailed measured data. 
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